Plant Growth Regul (2008) 56:107-116
DOI 10.1007/s10725-008-9290-7

ORIGINAL PAPER

Modulation of growth, photosynthetic capacity and water
relations in salt stressed wheat plants by exogenously

applied 24-epibrassinolide

Qasim Ali - Habib-ur-Rehman Athar -
M. Ashraf

Received: 29 November 2006/ Accepted: 28 May 2008 / Published online: 16 June 2008

© Springer Science+Business Media B.V. 2008

Abstract Brassinosteroids promote the growth of
plants and are effective in alleviating adverse effects
of abiotic stresses such as salinity and drought. Under
saline conditions, improvement in grain yield is more
important than simple growth. Previously it was found
that although foliar application of brassinosteroids
improved growth of wheat plants, it did not increase
grain yield. In present study, influence of root applied
24-epibrassinolide was assessed in improving growth
and yield of two wheat cultivars. Plants of a salt
tolerant (S-24) and a moderately salt sensitive (MH-
97) were grown at 0 or 120 mM NaCl in continuously
aerated Hoagland’s nutrient solution. Different con-
centrations of 24-epibrassinolide (0, 0.052, 0.104,
0.156 tM) were also maintained in the solution
culture. Exogenous application of 24-epibrassinolide
counteracted the salt stress-induced growth and grain
yield inhibition of both wheat cultivars. Of the varying
24-epibrassinolide concentrations used, the most
effective concentrations for promoting growth were
0.104 and 0.052 pM under normal and saline condi-
tions, respectively. However, root applied 0.052 uM
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24-epibrassinolide enhanced the total grain yield and
100 grain weight of salt stressed plants of both
cultivars and suggested that total grain yield was
mainly increased by increase in grain size which
might have been due to 24-epibrassinolide induced
increase in translocation of more photoassimilates
towards grain. Growth improvement in both cultivars
due to root applied 24-epibrassinolide was found to be
associated with improved photosynthetic capacity.
Changes in photosynthetic rate due to 24-epibrassin-
olide application were found to be associated with
non-stomatal limitations, other than photochemical
efficiency of PSII and photosynthetic pigments. Leaf
turgor potential found not to be involved in growth
promotion.
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Introduction

Agricultural productivity is severely affected due to
soil salinity. The damaging effects of salt stress on
crop growth and productivity are due to its ionic and
osmotic stress which severely depresses various
physiological and biochemical processes (Munns
2005). Of these, photosynthetic capacity, a major
determinant of growth, is significantly inhibited in
plants subjected to salinity stress (Ashraf 2004).
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A positive relationship between photosynthetic
capacity and growth under salt stress has been
reported in a number of plant species, e.g., wheat
(Raza et al. 2006), Panicum antidotale (Ashraf
2003), six Brassica diploid and amphiploid species
(Ashraf 2001), Spinacea oleracea (Robinson et al.
1983). However, suppression in photosynthetic
capacity by increased salt stress was ascribed to
lower stomatal conductance, inhibition in specific
metabolic processes in carbon uptake, perturbation in
photochemical capacity, or a combination of these
(Dubey 2005). Thus, the final biological or econom-
ical yield can be increased by increasing the rate of
photosynthesis (Natr and Lawlor 2005).

Despite the suppression of photosynthetic capacity
due to salt stress, changes in endogenous concentra-
tions of plant hormones were also observed in
different plant species (Ashraf and Foolad 2005).
Of plant hormones, a considerable attention has been
paid to brassinosteroids (BRs) as plant hormones in a
number of textbooks of botany or comprehensive
reviews of plant development (Clouse and Sasse
1998; Mussig 2005; Haubrick and Assmann 2006). In
view of the information presented in these reviews,
BRs can regulate a number of physiological processes
such as cell elongation and division, ATPase activity,
prevented photosynthetic pigment loss, and enhanced
carboxylation (Sasse 1997; Mussig 2005; Haubrick
and Assmann 2006), which results in enhanced crop
growth under stressful conditions. In our previous
studies, it was found that foliar application of
24-epibrassinolide improved salt tolerance in wheat
by enhancing growth but not yield (Shahbaz et al.
2008) and suggested that uptake and translocation
24-epibrassinolide through the leaves might have less
effective in modulating some important physiological
processes that improve grain yield. In view of all the
afore-mentioned reports, it was hypothesized that
root applied BRs might have a modulating effect on
some important physiological processes that improve
grain yield of wheat plants subjected to salt stress.
Thus, the primary objective of the present study was
to assess whether the exogenous application of
24-epibrassinolide through the rooting medium could
improve the growth and yield in wheat plants
subjected to salt stress. Moreover, to draw the
relationship between growth and other physiological
attributes, thus physiological basis of BRs-induced
growth improvement was explored.
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Materials and methods

Seed of a salt tolerant (S-24) and a moderately salt
sensitive cultivar (MH-97) of spring wheat were
obtained from the University of Agriculture, and
Ayyub Agricultural Research Institute in Faisalabad,
Pakistan. A hydroponic experiment was conducted
during the winter 2004-2005 in a net-house of the
University of Agriculture (latitude 31°30 N, longitude
73°10 E and altitude 213 m), with 10/14 light/dark
period with maximum PAR measured at noon ranged
800-1100 umol m~* s~ ' PPFD, a day/night tempera-
ture cycle of 26/15°C and 65 + 5% relative humidity.
Seeds of both cultivars were surface sterilized with 5%
sodium hypochlorite solution for 5 minutes and then
thoroughly rinsed with distilled water. Seed (100 seeds
of each cultivar; 25 seeds per Petri dish) of both
cultivars were germinated for 7 days on filter paper
moistened with half-strength Hoagland’s nutrient
solution containing 24-epibrassinolide (0, 0.052,
0.104, 0.156 pM in the rooting medium) under non-
saline (0 mM NaCl) or saline conditions (150 mM
NaCl). Seven-day old young wheat seedlings were
transferred on styrofoam supports with holes. The
styrofoam supports were then placed over plastic tanks
(1.5 x 2.5 x 0.10) containing 20 1 of each treatment
solution as described earlier. The seedlings were
allowed to grow in hydroponics for 45 days. Nutrient
solution was replaced every week. All the treatment
solutions were continuously aerated. The experiment
consisted of four replicates in a completely randomized
(CRD) design arranged. After 45 days, following
physiological attributes were measured.

Water relations

The 2nd leaf from the top of each plant was used for
the measurement of water relations. The 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-2, ELE
International, Tokyo, Japan). A proportion of the leaf
used for water potential measurements, was frozen
into 2 ml polypropylene tubes by placing them in
liquid N for 2 minutes and then kept at —40°C in an
ultra-low freezer for two weeks, after which time the
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
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sap osmotic potential was determined using a vapor
pressure osmometer (Wescor 5520, Wescor Inc.,
Logan, Utah, USA). Turgor pressure was calculated
by subtracting the leaf water potential values from
those of leaf osmotic potential.

Chlorophyll concentration

The chlorophyll ‘a’ was 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 spectrophotom-
eter (Hitachi-U2001, Tokyo, Japan).

Chlorophyll fluorescence

The polyphasic rise of fluorescence transients (OJIP)
were measured with a Plant Efficiency Analyzer
(PEA, Handsatech Instruments Ltd., King’s Lynn,
UK) according to Strasser et al. (1995). The fluores-
cent transients were recorded during 60 sec pulse of
red light of 3000 umol (photon) m ™2 s~ provided by
an array of six light emitting diodes (peak 650 nm).
All the samples were dark adapted for 30 minutes
prior to fluorescence measurements. The following
original data were retained: maximal fluorescence
(Fm), minimum fluorescence (F,), variable fluores-
cence (F,). From these data, maximum quantum
efficiency of PSII was calculated as F,/F,,.

Gas exchange parameters

Measurements of gas exchange attributes were made
on 2nd intact leaf from the top of each plant using an
ADC LCA-4 portable infrared gas analyzer (Analytical
Development, Hoddesdon, UK). These measurements
were made from 10.30 to 12.30 h under the following
conditions: leaf surface area, 11.25 sz; ambient
temperature, 45 + 3°C; ambient CO, concentration,
352 pmol mol~'; temperature of leaf chamber varied
from 37.2 to 47.2°C; leaf chamber gas flow rate (U),
251 pmol s™'; molar flow of air per unit leaf area (Us)
221.06 mol m 2 s~ '; RH (relative humidity) of the
chamber ranged from 35.4 to 41.2 %; PAR (photosyn-
thetically active radiation, Qye,¢) at leaf surface during
noon was maximum up to 918 pmol m~2 s_l; ambient
pressure 98.8 kPa.

After 45 days, plants were harvested. Plant roots
were removed from the hydroponic system and
washed in cold LiNO; solution isotonic with the
corresponding treatment in which plants were grow-
ing. Plants were separated into shoots and roots and
then blotted dry before recording their fresh weights.
All plant parts were dried at 65°C until constant dry
weight, and dry weights were recorded.

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 com-
pared with the least significance difference (LSD) test
following Snedecor and Cochran (1980).

Results

Salt stress caused a significant reduction in shoot fresh
and dry weight, and shoot length of both wheat
cultivars (Table 1). Although cv. S-24 exhibited higher
shoot fresh and dry weight than the MH-97 under saline
conditions, these cultivar differences were diminished
at different concentrations of 24-epibrassinolide in
shoot dry weight (Fig. 1). The adverse effects of salt
stress on the growth of both cultivars were alleviated in
terms of shoot fresh and dry weights, particularly when
0.052 pM 24-epibrassinolide was applied. Further-
more, under non-saline conditions exogenous
application of 0.104 uM 24-epibrassinolide caused a
significant increasing effect on shoot fresh and dry
weights (Fig. 1). Salt stress also caused a marked
reduction in shoot length of both cultivars and cultivars
differed significantly (Table 1;Fig 1). Although exog-
enously applied 24-epibrassinolide had a significant
effect on shoot length (Table 1), this effect was only
visible on salt stressed plants of MH-97 (Fig 1).
Imposition of salt stress reduced the grain yield,
number of grains and 100 grain weight of both
cultivars (Table 1). Different concentrations of 24-
epibrassinolide applied through rooting medium
improved all these yield attributes in both non-
stressed and salt stressed plants of both wheat
cultivars (Fig 1). However, this 24-epibrassinolide
induced improving effect on these yield attributes
was more pronounced in total grain yield (Fig 1). In
addition, 0.052 uM 24-epibrassinolide increased
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Table 1 Mean squares from analysis of variance (ANOVA) of
data for fresh and dry weights of shoot and root, leaf area and
shoots length of two spring wheat cultivars differing in salinity

tolerance when allowed to grown for 45 days at various levels
of brassinosteroids under normal or saline conditions

Source of variation  df Shoot fwt Shoot dwt Shoot length  Grain yield =~ Number of grains 100 grain weight
BR 3 4.51* 0.040 ns 29.74%* 0.079 ns 1.71 ns 2.329%%*

Salt 1 136.2%%* 0.069 ns 710.22%%** 16.24 %% 48.18%*** 3.817%%*

Cvs 1 23.67***  0.00013 ns  1542.5%%* 2.81%%* 0.754 ns 1.236%**

BR x S 3 12.05%%*  0.126%* 31.23%%* 0.0027 ns 8.65%** 0.317%%*

BR x C.V 3 2.64 ns 0.026 ns 14.15% 0.1301 ns 0.535 ns 0.049 ns
SxCV 1 16.58***  0.013 ns 104.55%** 0.967%** 1.426 ns 0.8117%%*
BRxSxCV 3 10.30%**  0.080* 14.31* 0.0432 ns 0.239 ns 0.054 ns

Error 48 1.09 0.025 4.68 0.0606 0.564 0.023

ns = Non-significant; *, **, *** = Sjgnificant at 0.05, 0.01 and 0.001 levels

Fig. 1 Growth attributes of
two spring wheat cultivars
differing in salinity
tolerance when grown for
45 days at various levels of
24-epibrassinolide under
normal or saline conditions
(Number of replicates

n = 4; vertical lines are
standard errors)

Shoot fwt (g/plant)

Shoot dwt (g/plant)

Shoot length (cm/plant)

—&— S-24 Control
—e— MH-97 Control

151
m <10l

—t— S-24 Saline 3.5 1
—O0— MH-97 Saline

100 1
90 A

80 1 .’.-Q
70 A

w0 ] VP@”O
50 4
40 A
30 A

20 A
10

Number of grains/plant

4.5 1
4.0 1
3.5 1
3.0
2.5 A
2.0 1
1.5 1
1.0
0.5

100 grain weight (g/plant)

0 0.052

0.0
0.104 0.156 0 0.052 0.104 0.156

24-epibrassinolide (uM) 24-epibrassinolide (uM)

number of grains only in salt stressed plants of MH-
97, whereas other concentrations of 24-epibrassino-
lide did not change the number of grains in both
wheat cultivars. Similarly, 0.052 uM 24-epibrassino-
lide increased the 100 grain weight of salt stressed
plants of both wheat cultivars (Fig. 1).
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All gas exchange attributes such as net CO,
assimilation rate (Py), stomatal conductance (gy),
transpiration rate (E) etc. were significantly reduced
in both cultivars due to salt stress except water use
efficiency (measured as Pn/E) (Table 2). However,
addition of 0.052 and 0.104 pM 24-epibrassinolide
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Table 2 Mean squares from analysis of variance (ANOVA) of
net photosynthetic rate (A), sub-stomatal CO, (C;), stomatal
conductance (g;), transpiration rate (E), and water use

efficiency (WUE) of two spring wheat cultivars differing in
salinity tolerance when allowed to grown for 45 days at various
levels of brassinosteroids under normal or saline conditions

Source of variation df A C; gs E WUE (A/E)
BR 3 57.45%%%* 868.30 ns 0.016 ns 0.182 ns 1.88 ns
Salt 1 185.57#** 5124.77* 0.558*%*%* 4.280%** 0.41 ns
Cvs 1 40.07%* 595.97 ns 0.006 ns 0.005 ns 12.64*
Interaction
BRx S 3 53.04%#% 367.71 ns 0.145%:%* 0.930%* 0.25 ns
BR x C.V 3 22.27%%* 259.14 ns 0.035 ns 0.475 ns 3.11 ns
SxCV 1 7.52 ns 9650.61%*:* 0.015 ns 0.948%* 21.25%*
BRxSxCV 3 52.66%** 539.56 ns 0.032 ns 0.627* 4.28 ns
Error 48 4.74 752.86 0.020 0.222 1.87
ns = Non-significant; *, *** = Significant at 0.05, 0.01 and 0.001 levels
Fig. 2 Photosynthetic 25 . —+—S-24Conrol  —&— $-24 Saline 35 -
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caused a maximum increase in net CO, assimilation
rate in S-24 and MH-97, to the non-saline rooting
medium, respectively (Fig. 2). In contrast, exogenous
application of 0.052 pM 24-epibrassinolide caused a
significant increase in net CO, assimilation rate of
both cultivars under saline conditions. Addition of

0.104 pM 24-epibrassinolide to the rooting medium
caused a maximum increase in stomatal conductance
(gs) in both cultivars under non-saline conditions,
whereas under saline conditions the same was true at
0.052 pM  24-epibrassinolide. However, 0.104 uM
24-epibrassinolide caused a significant increase in
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transpiration rate in MH-97, whereas it did not affect
transpiration rate of S-24 under non-saline conditions
(Fig. 2). Furthermore, transpiration rate was signifi-
cantly reduced in both cultivars at the highest
concentration of 24-epibrassinolide under saline
conditions. In contrast, sub-stomatal CO, (C;) was
slightly increased in both cultivars due to the addition
of 24-epibrassinolide under saline conditions (Fig. 2).
Water use efficiency (Pn/E) of both cultivars was
significantly increased under both non-saline and
saline conditions due to exogenous application of
24-epibrassinolide, particularly at 0.052 pM.

Salt stress or addition of epibrassinolides did not
affect leaf chlorophyll ‘a’ of both cultivars (Table 3;
Fig. 3). Similarly, quantum yield of photosystem II
(PSII) (measured as F,/Fy,) was also not affected due
to salt stress or 24-epibrassinolides (Table 3; Fig. 3).

The growth medium salinity significantly lowered
the leaf water potential, osmotic potential (more
negative values) and turgor potential of both cultivars
(Table 3; Fig. 4). However, the adverse effect of salt
stress on these water relation attributes was more
pronounced on cv. MH-97 than on cv. S-24. Addition
of epibrassinolides to the rooting medium caused a
further decrease in leaf water potential of salinized
S-24 plants at all epibrassinolides levels, whereas that
of MH-97 plants it remained almost unaffected
(Fig. 4). Similarly, leaf osmotic potential of salanized
plants of both cultivars was further decreased due to
exogenously applied epibrassinolide through the
rooting media (Fig. 4). In contrast, addition of

Table 3 Mean squares from analysis of variance (ANOVA) of
data for water potential (WP), osmotic potential (OP), turgor
potential (TP), chlorophyll a, and F\/F, of two spring wheat

0.95 1

0.90 1

0.85 1

—&— S-24 Saline
—O0— MH-97 Saline

—a— S-24 Control
—e— MH-97 Control
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0.80 T T T T T T T ]

0.83

0.78 1

F/F
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0 I 0.052 I 0.104 I 0.156
24-epibrassinolide (uM)

Fig. 3 Chlorophyll contents (mg/g F.wt) and maximal quan-
tum yield of PSII (F,/F,) of two spring wheat cultivars
differing in salinity tolerance when grown for 45 days at
various levels of 24-epibrassinolide under normal or saline
conditions (Number of replicates n = 4; vertical lines are
standard errors)

0.104 pM 24-epibrassinolide slightly reduced the
leaf turgor of salanized S-24 plants, whereas in
MH-97 plants 0.104 pM and 0.156 uM of 24-epi-
brassinolide increased the leaf turgor potential
(Fig. 4).

cultivars differing in salinity tolerance when allowed to grown
for 45 days at various levels of brassinosteroids under normal
or saline conditions

Source of variation df WP OP TP Chl a FJF,
BR 3 0.071%%* 0.108%** 0.013* 0.0003 ns 0.0004 ns
Salt 1 6.528%#* 2.949%** 0.776%%* 0.0014 ns 0.0059 ns
Cvs 1 0.319%%%* 0.2027%** 0.058%%** 0.0026 ns 0.0031 ns
Interaction

BR xS 3 0.019* 0.089%** 0.105%%*%* 0.0003 ns 0.0036 ns
BR x C.V 3 0.099%%** 0.018 ns 0.027 ns 0.0011 ns 0.0013 ns
Sx CV 1 0.322%%%* 0.084** 0.018%** 0.0017 ns 0.0015 ns
BRxSxCV 3 0.075%*%* 0.029* 0.038* 0.0009 ns 0.0029 ns
Error 48 0.005 0.010 0.004 0.0009 0.0021

ns = Non-significant; *, *** = Significant at 0.05, 0.01 and 0.001 levels
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Fig. 4 Water relation parametres (MPa) of two spring wheat
cultivars differing in salinity tolerance when grown for 45 days
at various levels of 24-epibrassinolide under normal or saline
conditions (Number of replicates n = 4; vertical lines are
standard errors)

Discussions

In the present study, salt stress reduced the growth at
the vegetative stage of both wheat cultivars and the
inhibitory effect of salt stress was more pronounced
on MH-97 than on S-24. However, this reduction in
growth was alleviated in both cultivars with the
addition of 0.052 uM 24-epibrassinolide to the root-
ing medium. These results can be related to some
earlier studies in which it has been observed that BRs

has a role in growth promotion under normal or stress
conditions in wheat (Anuradha and Rao 2003),
Brassica juncea (Hayat et al. 2000) and chickpea
(Ali et al. 2007). In the present study, the most
effective dose of epibrassinolide under non-saline
conditions was found to be 0.104 uM, whereas
0.052 pM was an effective concentration in improv-
ing growth under saline conditions. However, cv.
S-24 showed a better response in terms of growth to
effective concentration of BRs, which is in contrast to
the findings of Sairam (1994) who reported that the
drought-tolerant variety showed a higher response to
BR application under water stress conditions com-
pared that of drought susceptible wheat variety.
Similarly, Shahbaz et al. (2008) reported that ame-
liorative effect of foliar applied BRs was more in salt
tolerant wheat cultivars compared with that of salt
sensitive cultivar. These contrasting results can be
explained in view of the arguments of different
researchers that these growth promoting effects
depends on type of species, plant developmental
stage, concentration of epibrassinolide, and mode of
application (Amzallag 2002; Fariduddin et al. 2003;
Ali et al. 2007). Furthermore, this growth promotion
effect of BRs on wheat under normal or stress
conditions probably through their auxin like hor-
monal effect on cell division and cell enlargement, or
BRs induced turgor-driven cell expansion occurs due
to enhanced activity of aquaporins (Morillon et al.
2001), or their role in enhancing photosynthetic
capacities through a network of gene regulations
(Mussig 2005; Haubrick and Assmann 2006).

Grain yield is one of the most important determi-
nants in appraising crop productivity under stressful
environments. Undoubtedly, grain yield depends on
both number and size of grains (Grieve et al. 1992).
From the results of the present study, it could be
suggested that salt-induced reduction in grain yield
and improvement in grain yield with root applied 24-
epibrassinolide was mainly due to increase in grain
size. In view of some earlier studies, the improving
effect of 24-epibrassinolide on grain yield may have
been due to greater translocation of photoassimilates
to grains during the grain filling stage thereby
increasing grain weight. For example, exogenous
application of BRs in bean enhanced sink strength
and phloem unloading (Petzold et al. 1992). While
working with cucumber, Nakajima and Toyama
(1999) showed that root applied 24-epibrassinolide
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promoted transport of '“C-labeled sucrose from the
primary leaf to the epicotyl. In another study, while
monitoring the effect of brassinolide on the distribu-
tion of starch and sucrose to different organs of rice
plants, Fujii and Saka (2001) found that brassinolide
caused more accumulation of starch in the grains at
the expense of the leaf sheaths and culms, where
sucrose levels decreased to a great extent. Extracel-
lular invertases are very important for the supply of
carbohydrates to sink tissues. In tomato, Goetz et al.
(2000) found that exogenous application of BRs
caused enhancement of cell-wall-bound invertase
activity with a concurrent increase in sucrose uptake.
Furthermore, they also found tissue-specific induction
of mRNA for extra-cellular invertase. From these
findings it is suggested that EBL-induced increase in
growth and grain yield may have been due to more
supply of carbohydrates through activation of appro-
priate enzymes.

The decline in growth in many plant species
subjected to stressful environment is often associated
with a reduction in photosynthetic capacity as has
been observed in the present study. However, root
applied BRs improved the photosynthetic rate which
is in agreement with some earlier reports in which it
has been observed that BRs can improve photosyn-
thetic rate in mustard (Hayat et al. 2000), and
mungbean (Fariduddin et al. 2003). The BRs induced
improvement in photosynthetic rate might have been
due to stomatal or non-stomatal factors or combina-
tion of these (Dubey 2005). Since photosystem II
(PSII) plays a key role in the response of leaf
photosynthesis to environmental perturbation (Baker
1991; Dubey 2005). Until now, there has been little
evidence to show that epibrassinolide is directly
involved in the regulation of photosynthesis.
Recently, Yu et al. (2004) have demonstrated that
exogenous application of epibrassinolide improved
the photosynthetic capacity in Cucumis sativus
through increase in PSII quantum yield. However,
in the present study, quantum yield of PSII measured
as F,/F,, was not affected either due to salt stress or
exogenously applied epibrassinolide. Thus, an
increase in photosynthetic capacity of both wheat
cultivars at varying levels of epibrassinolide under
non-saline or saline conditions cannot be related to
their photochemical properties.

Since, BRs has a role in stomatal conductance
(Hayat et al. 2000; Fariduddin et al. 2003), it can be
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expected that BRs application might have promoted
A through stomatal factors. Net photosynthetic rate
(A) was positively associated with sub-stomatal CO,
(C)) and stomatal conductance (g), indicating that
BRs-induced increase in photosynthetic capacity was
due to overcoming stomatal limitations. However, in
cv. MH-97 an increase or decrease in g of both wheat
cultivars at varying levels of BRs under saline
conditions were not accompanied by a significant
corresponding change in C;, suggesting that stomatal
conductance was not the sole factor for BRs-induced
changes in photosynthesis. Non-stomatal limitations
to photosynthetic rate may include photosynthetic
pigments, rubisco enzyme concentration and activity,
and use of assimilation products (Dubey 2005). Of
the above-mentioned variables, only photosynthetic
pigments were determined in the present study.
However, parallels between rate of photosynthesis
and chlorophyll ‘a’, cannot be easily drawn. Thus,
improved photosynthetic rate with exogenously
applied BRs of both cultivars under non-saline or
saline conditions cannot be related to photosynthetic
pigments measured in the present study. In view of
Yu etal. (2004) it is plausible to propose that
exogenous application of BRs increased the capacity
of CO, assimilation in the Calvin cycle by an
increase in the initial activity of rubisco.

Growth promotive effect of BRs might have also
been due to its role in ion homeostasis, which is
necessary for various biochemical or physiological
processes controlling growth. For example, BRs has a
role in turgor-driven cell expansion by enhancing
activity of aquaporins (Morillon et al. 2001), or in
proton pumping and modulation of stress tolerance
(Sakurai et al. 1999). However, exogenous applica-
tion of BRs had a further decreasing effect (more
negative values) on both leaf osmotic potential (/)
and leaf water potential () of both wheat cultivars.
Furthermore, leaf turgor potential was only improved
in salt moderately sensitive cv. MH-97 due to BRs-
induced osmoregulatory changes. However, there
was no positive relationship between leaf turgor
potential and growth indicating that leaf turgor did
not control the growth. Furthermore, exogenous
application of BRs did not change the accumulation
of Na™ and K7 in the leaves of both cultivars (data
not shown). Thus, BRs-induced improvement in
growth under saline conditions by modulating water
or ion-homeostasis cannot be generalized.
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In conclusion, salt-induced reduction in growth
was ameliorated by the exogenous application of
BRs in both cultivars, which was associated with
improved photosynthetic capacity. BRs-induced
improvement in photosynthetic capacity of both
cultivars was due to combination of stomatal and
non-stomatal factors. However, this improvement
was not due to its protective effect on photosynthetic
pigments. Furthermore, ameliorative effect of BRs
was not associated with BRs-induced changes in
water homeostasis, thus, detailed insights of complex
interactive effects of BRs on biochemical and phys-
iological processes associated with photosynthesis by
regulating plant hormones, or signal transduction
pathways need to be elucidated.
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