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Variation in osmoregulation in differentially drought-sensitive
wheat genotypes involves calcium
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Abstract

Two wheat (Triticum aestivum L.) genotypes differing in their sensitivity to water deficit (stress tolerant - C306 and
stress susceptible - HD2329) were subjected to osmotic stress for 7 d using polyethylene glycol (PEG-6000; osmotic
potential -1.0 MPa), at initial vegetative growth. The plants were either supplemented with 1 mM CaCl, (Ca®") alone or
along with verapamil (VP; calcium channel blocker) to investigate the involvement of calcium in governing
osmoregulation. Relative elongation rate (RER), dry matter (DM) production, water potential (y,,), electrolyte leakage
(EL), contents of proline (Pro) and glycine betaine (GB) and activities of y-glutamyl kinase (GK) and proline oxidase
(PO) in shoots and roots were examined during stress period. C306 showed relatively higher accumulation of Pro while
HD2329 accumulated more GB under stress. RER, DM and w,, were relatively higher in C306 than HD2329. Roots
compared to shoots showed lower content of osmolytes but had faster rate of their accumulation. Presence of Ca” in the
medium increased the activity of GK and decreased that of PO while in the presence of its inhibitor, decrease in activity
of both the enzymes was observed. Ca®* appeared to reduce the damaging effect of stress by elevating the content of Pro
and GB, improving the water status and growth of seedlings and minimizing the injury to membranes. The protective
effect of Ca”* was observed to be more in HD2329 than C306.

Additional key words: glycine betaine, y-glutamyl kinase, proline, proline oxidase, Triticum aestivum, verapamil.

Introduction

Osmoregulation is a stress-related adaptive mechanism that
imparts protection to dehydrating tissues (Morgan 1992).
Proline (Pro) and glycine betaine (GB) are two such
solutes implicated in osmoregulation of plants in response
to stresses causing dehydration (Delauney and Verma
1993, Rhodes and Hanson 1993, Hare and Cress 1997).
These solutes offer protection at multiple levels in cells
(Huang et al. 2000) and have been currently the target of
genetic engineering to increase stress tolerance in plants
(McNeil er al. 1999, Rathinasabapathi 2000, deRonde et
al. 2000). For example, Pro synthesis is implicated as a
mechanism of alleviating cytoplasmic acidosis, and may
maintain suitable NADP*/NADPH ratios (Hare and Cress
1997). GB has been shown to stabilize enzymes and
membranes (Krall ef al. 1989, Zhao et al. 1992). and the
photosystem 2 protein-pigment complex during stress
(Murata et al. 1992, Papageorgiou and Murarata 1995).
The regulation of these osmoprotectants is not well
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understood and has been the subject of some recent studies
(Yoshiba et al. 1997, Trotel-Aziz et al. 2000, Yang et al.
2000). The information on nature of signal transduction
pathway linking the perception of the osmotic stress and
Pro accumulation is limited (Hare et al. 1999). Calcium
plays an essential role in stress signaling (Knight et al.
1997) and in stress protection (Arazi et al. 1999, Knight
and Knight 2001). Stress induced Pro accumulation has
been proposed to be linked with cytosolic calcium (Knight
et al. 1997). The present study was, therefore, planned to
investigate the participation of calcium (Ca®") in governing
the accumulation of Pro and GB, the two major osmolytes
in wheat genotypes differing in stress sensitivity. It was
hypothesized that genotypes varying in stress sensitivity
might differ with respect to type, amount and rate of
accumulation of osmolytes in roots and shoots and calcium
may be a key factor governing the osmoregulation during
stress conditions.

Abbreviations: DM - dry matter; EL - electrolyte leakage; GB - glycine betaine; GK - y-glutamyl kinase; PEG - polyethylene glycol;

PO - proline oxidase; RER - relative elongation rate; VP - verapamil.
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Materials and methods

Two wheat (Triticum aestivum L.) genotypes, C306
(tolerant type) and HD2329 (susceptible type) were
grown in growth chamber (SEW, New Delhi, India;
temperature: 23/20 °C; 16-h photoperiod; irradiance
250 umol m™? s'). The water stress was applied to
15-d-old seedlings by incorporating polyethylene glycol -
6000 (PEG; - 1.0 MPa) in the growth medium. Simulta-
neously calcium chloride (1 mM) or calcium channel
blocker, verapamil (0.5 mM) were added in the medium.
The concentrations opted for PEG, calcium chloride and
verapamil were evaluated in a preliminary experiment on
the basis of their effect on growth and electrolyte leakage.
The plants were investigated for their growth, proline and
its metabolic enzymes, glycine betaine since the
beginning of stress till the end of it at 7™ day. The data
are presented for 1 and 7™ day.

The proline content was estimated by the method of
Bates er al. (1973). The plant material was homogenised
in 3 % aqueous sulfosalicylic acid and the homogenate
was centrifuged at 24 000 g. Supernatant was used for
estimation of proline content. The reaction mixture
consisted of 2 cm’ supernatant, 2 cm’ acid ninhydrin and
2 cm’ of glacial acetic acid, which was boiled at 100 °C
for 1 h. After termination of reaction in ice bath, the
reaction mixture was extracted with 4 cm’ of toluene and
the absorbance was read at 520 nm in a UV-visible
spectrophotometer (Chemito, New Delhi, India). The
amount of glycine betaine was estimated according to
method of Grieve and Grattan (1983). The dried plant
material was finely ground, mechanically shaken with
20 cm’ deionised water for 24 h at 25 °C. The samples
were then filtered and filtrates were diluted 1:1 with 2 M
H,S0,. Aliquots were kept in centrifuge tubes and cooled
in ice water for 1 h. Cold KI-I, reagent was added and the
reactants were gently stirred with a Vortex mixer (Yorco,
New Delhi, India). The tubes were stored at 4 °C for 16 h
and then centrifuged at 24 000 g for 15 min at 0 °C. The
supernatant was carefully aspirated with a fine glass tube.
The periodide crystals were dissolved in 9 cm” of
1.2-dichloroethane. After 2 h, the absorbance was
measured at 365 nm using glycine betaine as standard.

The activity of y-glutamyl kinase (ATP: L-glutamate
5-phosphotransferase) was assayed by the method of
Hayzer and Leisinger (1980). 1 g of plant tissue was
extracted with 10 cm’® of 50 mM Tris-HCl buffer (pH 7.2)
and centrifuged at 24 000 g for 20 min, washed again
with 50 mM of Tris-HCI buffer (pH 7.2) and stored at
freezing temperature. The frozen sample was suspended
in 7 ¢cm’® of 50 mM Tris-HCI buffer containing 1 mM
1,4-dithiothreitol (DTT). The crude extract after desalting
was used for determination of enzyme activity. The
enzyme assay mixture contained, in a final volume of
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0.25 cm3, 50 mM L-glutamate, 10 mM ATP, 20 mM
MgCl,, 100 mM hydroxylamine HCI, and 50 mM Tris
base adjusted to pH 7.0 with 0.199 cm® of enzyme extract
containing 3.0 mg enzyme protein in a final volume of
2 cm’. The reaction was started by addition of enzyme
extract. After 30 min of incubation at 37 °C, the reaction
was stopped by the addition of 1.0 cm’ of solution
containing FeCl,.3 H,0O (2.5 %, m/v) and TCA (6 % m/v)
in 2.5 M HCI. Precipitated protein was removed by
centrifugation at 24 000 g at 0 °C and absorbance was
measured at 535 nm against water as blank. One unit of
enzyme activity was defined as pg of y-glutamyl-
hydroxamate formed per min per mg per protein. y-gluta-
mylhydroxamate was used as standard. The activity of
proline oxidase was determined according to the method
of Huang and Cavalieri (1979). 1 g of plant tissue was
homogenized with 5 cm’ of medium in a pre-chilled
mortar and pestle, then filtered through several layers of
muslin cloth. The filtrate was centrifuged at 24 000 g for
10 min in a refrigerated centrifuge at 4 °C. The super-
natant was re-centrifuged at 60 000 g for 25 min. The
pellet thus obtained was mixed with 1 cm® Tricine-KOH
buffer (pH 7.5) containing 6 M sucrose. This extract was
used for assaying the enzyme activity. The extraction was
carried out at 4 °C. 3 cm’ of assay mixture contained
1.2 cm® of 50 mM Tris-HCI buffer (pH 8.5), 1.2 cm’ of
5mM MgCl,, 0.1 cm® of 0.5 mM NADP, 0.1 cm’ of
1 mM KCN, 0.1 cm’® of 1 mM PMS, 0.1 em’® of 0.06 mM
2,6-dichlorophenol indophenol (DCPIP) and 0.2 cm’ of
0.1 M proline. The reaction was monitored at 600 nm at
25 °C using proline to initiate the reaction. The increase
in absorbance was recorded. The rate of reduction of
DCPIP was used to determine the enzyme activity
expressed as mmol(DCPIP reduced) mg'(protein) min™".

The water potential (‘W,,) of the shoots was measured
with pressure chamber (PMS, Corvallis, USA) at 10:00.
The electrolyte leakage (EL) was measured as described
by Lutts et al. (1996) using young leaf discs of five plants
for each treatment. Samples were washed thrice with
deionised water to remove surface adhered electrolytes.
Leaf discs were placed in closed vials containing 10 cm’
of deionised water and incubated at 25 °C on a rotary
shaker for 24 h and subsequently electrical conductivity
of the solution (L;) was determined using conductivity
meter (ELICO, Chandigarh, India). Samples were then
autoclaved at 120 °C for 20 min and the final electrical
conductivity (L,) was obtained after equilibration at
25 °C. The EL was defined as: EL [%] = (L\/L;) x 100.
Relative clongation rate (RER) and dry matter (DM)
accumulation were calculated by observing length [mm]
and dry mass [mg] at interval of 6 d. Statistical analysis
was done using Microstat software.



Results

Due to stress, proline (Pro) and glycine betaine (GB)
content increased by 2 times over the control in shoots
and roots of both the genotypes (Fig. 1). The two
genotypes showed variation with respect to accumulation
of osmolytes. While C306 had relatively higher amount
of Pro in its shoots and roots, HD2329 showed higher
accumulation of GB. The shoots had higher accumulation
of both the osmolytes than roots but their rate of
accumulation was higher in latter. The activity of
y-glutamyl kinase (GK) increased more than twice during
stress and shoots had higher activity than roots (Fig. 2)
while proline oxidase (PO) activity decreased (Fig. 2)
under stress and the decrcase was more in roots relative
to shoots. The activities of GK and PO were also
comparatively higher in C306. The damage to
membranes due to stress as indicated from electrolyte
leakage (EL) was relatively more in shoots than roots
(Fig. 3). Water potential decreased due to stress and to a
significantly higher extent in HD2329 (Fig. 3). The roots
of both the genotypes showed higher growth than shoots
during stress. (Fig. 4). C306 showed less reduction in
growth of roots and shoots than HD2329, observed as
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relative elongation rate (RER) and dry matter
accumulation (Fig. 4). Ca®" application in the medium to
the stressed plants significantly increased the
accumulation of Pro and GB over untreated-stressed
plants (Fig. 1). The activity of GK increased significantly
while that of PO decreased slightly in Ca’' treated plants
(Fig. 2). A significant decrease in EL and increase in
(Fig. 3), RER and DM accumulation (Fig. 4) was
noticeable in Ca’" treated plants. The roots showed higher
growth than shoots in presence of Ca™'. A difference in
responsc of two genotypes towards Ca™ was observed
under stress conditions and HD2329 appeared to be more
responsive to Ca”' application as compared to C306. The
former genotype showed relatively higher Pro, y., RER
and DM in its roots and shoots in the presence of Ca’'
than the latter. The ameliorative effect of calcium could
be partially reversed with addition of verapamil (Ca™
channel blocker) in Ca® containing medium. A significant
decrease in Pro. and its associated enzymes, .,
membrane integrity (as EL) and growth was noticed with
verapamil over untreated and Ca’'-treated plants,
corroborating Ca”* involvement in these responses.
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Fig. 1. Effcct of water stress, 1 mM calcium chloride (Ca) and 0.5 mM calcium channel blocker verapamil (VP) on proline and
glycine beatine content in shoots and roots at I and 7" day of stress in C306 (C) and HD2329 (H) wheat genotypes. 15-d-old plants
were subjected to PEG-6000 of -1.0 MPa for 7 d and the observations were recorded during stress period. Means + SE of three

difterent samples are represented by vertical bars.
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Fig. 2. Effect of water stress. | mM calcium chloride (Ca) and 0.5 mM calcium channel blocker verapamil (VP) on activity of

y-glutamy! kinase and proline oxidase in shoots and roots.

Discussion

The present findings indicated that stress sensitivity of
the contrasting wheat genotypes might lie in variation in
accumulation of osmolytes and hence osmoregulation
mechanisms, an observation reported earlier in some
other crops (Morgan et al. 1991, Ghoulam et al. 2002)
including wheat (Morgan 1992).

Elevation of Pro was linked to higher activity of its
biosynthetic enzyme, y-glutamyl kinase (GK) and
reduction in activity of catabolic enzyme, proline oxidase
(PO). As reported before, the accumulation of proline in
stressed plants is regulated both by activation of its
biosynthesis and inactivation of its degradation (Yoshiba
et al. 1997, Hare ef al. 1999). The tolerant genotype
showed significantly higher content and rate of Pro
accumulation relative to the susceptible genotype; the
difference could be attributed to variation in regulation
mechanisms of Pro metabolism. The tolerant genotype
had higher activity of GK and as well as of PO than its
counterpart, but the kinase activity appeared to override
the PO activity thus maintaining higher Pro content in
tolerant genotype. The susceptible genotype though had
higher amount of glycine betaine (GB) than the tolerant
genotype, the rate of its accumulation was almost similar
in both the genotypes in shoots but slightly more in the
roots of tolerant genotype. This indicated that despite
having relatively low content of GB, the tolerant
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genotype compensated itself with higher rate of its
accumulation. The preferential accumulation of an
osmolyte could also be an important factor in determining
the stress sensitivity (Rathinasabapathi 2000). The stress
tolerance could be linked to higher accumulation of
osmolytes like Pro or GB as observed by Kavi Kishor
et al. (1995) who could over-express Pro in tobacco by
engineering P5CS to produce stress tolerant plants. Some
recent attempts on metabolic engineering to over-express
or introduce osmolytes like Pro, GB and trehalose also
demonstrate that stress tolerance of the plants could be
strongly dependent upon the presence or absence of a
critical content of osmolyte in the plant (Huang er al.
2000). The shoots of the tolerant genotype maintained
higher pressure potential under stress as indicated by
higher water potential than the susceptible genotype and
Pro and GB could be important determinants in this
context. Better ability of the tolerant genotype to
osmoregulate under stress was also reflected in its higher
root and shoot growth. A strong positive correlation
existed between Pro content and growth of roots
(r=0.95; P < 0.05) and shoots (+ = 0.91; P.<0.05) of the
tolerant genotype as compared to the susceptible
genotype which showed more significant relationship of
growth with GB content of roots (» = 0.93; P < 0.05) and
shoots (r =9.91; P <0.05).
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Fig. 3. Effect of water stress, 1 mM calcium chloride (Ca) and
0.5 mM calcium channel blocker, verapamil (VP) on electrolyte
leakage and water potential.
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It was apparent that the capacity to accumulate Pro
and GB between shoots and roots was markedly different.
It could be due to variation in their osmoregulation
mechanisms or inherent control in production of these
osmolytes. Though shoots showed higher content of
solutes, their rate of accumulation was observed to be
higher in roots. The rate of increase of osmolytes rather
than their content per se may be more important (Hare
and Cress 1997) for roots than shoots as they (roots)
showed less damage due to stress as was evident from
less electrolyte leakage, higher elongation rate and dry
matter production under stress. Roots have been reported
to be comparatively more tolerant to water deficit stress
than shoots (Blum 1996) and variation in accumulation of
osmolytes might govern this response to a considerable
extent. Some other mechanisms may also determine the
differential growth of roots and shoots under stress. For
example, ABA accumulation in the roots due to water
stress was found to be responsible for reducing shoot
growth on one hand and sustaining root growth on the
other hand (Sharp 2002).

It was observed in the present studies that Ca™
affected the osmoregulation capacity by increasing the
contents of Pro and GB, leading to higher water potential
gradient and thereby improving the water uptake and
growth under stress. Shah et al. (1990) reported increase
in Pro content of alfalfa cultures in the presence of
exogenous Ca’*. In Phaseolus vulgaris plants expe-
riencing osmotic stress in the presence of Ca’ in the
growth medium, a decrease in initial loss of water in the
roots was reported (Ortiz er al. 1994) which was
attributed to regulation of content of organic metabolites
related to osmotic adjustment by Ca”". As observed in the
present study, Ca®" raised the content of Pro by
stimulating the activity of GK and depressing the activity
of PO. Inhibitor studies supported the involvement of
Ca”" in affecting Pro and GB accumulation. Ca’" has also
been earlier implicated in maintenance of membrane
integrity, reduction of oxidative damage by elevating the
content of the antioxidants or increasing the activity of
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Fig. 4. Effect of water stress, | mM calcium chloride (Ca) and 0.5 mM calcium channel blocker, verapamil (VP) on relative
elongation rate (RER) and dry matter accumulation in shoots and roots of C306 and HD2329 (HD) wheat genotypes.
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oxidative enzymes (Ming et al. 1998, Larkindale and
Knight 2002, Nayyar and Kaushal 2002).

The two genotypes differed in their response to Ca**
application under stress conditions as was evident from
accumulation of osmolytes and growth of root and shoots
under stress. Though Ca®" could increase the amount of
osmolytes and growth in both the genotypes, the
susceptible genotype was particularly more stimulated.
This indicates that Ca>" expression in both the genotypes
may differ and the susceptible genotype may be unable to
fully express Ca’” due to variation in some of the key
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