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Abstract High temperature strongly hampers the plant
growth particularly at early growth stages. In this study,
changes in some physiological and anatomical character-
istics and possibility of mitigating the adversities of heat
stress by soaking sugarcane nodal buds in 20 mM proline
and glycinebetaine (GB) solutions have been explored.
Heat stress reduced the rate of bud sprouting nonetheless
soaking the setts in proline followed by GB was beneficial.
In addition, heat stress reduced the bud fresh and dry
weights, generated H,0,, reduced the tissue levels of K*
and Ca’", while increased the osmolytes synthesis in a
time course manner. Heat stress also delayed the emer-
gence and expansion of new bud leaves, by restricting the
number and area of mesophyll cells. It also caused poor
and aberrant development and diffused appearance of
mesophyll cells and vascular bundles in the bud leaves.
However, soaking of buds in proline and GB solutions
substantially reduced the H,0O, production, improved
the accumulation of soluble sugars and protected the
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developing tissues from heat stress effects; although pro-
line was more effective than GB. Correlations of various
attributes indicated that soaking in GB and proline
restricted the H,O, generation, improved K and Ca®"
contents, and increased the concentrations of free proline,
GB and soluble sugars eventually improving the heat tol-
erance of buds. Cost-benefit analysis showed that, consid-
ering increase in sprouting of buds, soaking in 20 mM
solution of both osmoprotectants is economical.

Keywords Bud sprouting - Glycinebetaine - Heat stress -
Mesophyll cells - Nutrients - Sugarcane

Introduction

Heat stress results from temperatures high enough to
damage the plant tissues. Although variable for different
plant species, temperatures in the range of 35-45°C pro-
duce heat stress effects on tropical plants (Hall 1992;
Mahmood et al. 2010; Ulukan 2011). Heat sensitive plants
show a great deal of labiality of the cellular membranes,
thereby disrupting the vital cellular phenomena. As a result
of aberrant metabolism, the production of toxic metabolites
and reactive oxygen species (ROS) takes place in the
injured cells (Wahid et al. 2007).

The heat stress tolerance is an intricate phenomenon
involving an array of physiological and biochemical
processes at whole plant as well as molecular levels (Tiroli-
Cepeda and Ramos 2010). These processes inlcude cur-
tailed water loss by partial stomatal closure, enhanced
water uptake with the development of prolific root systems,
and synthesis and accumulation of osmolytes (Wahid et al.
2007; Yousfi et al. 2010). ROS scavenging, stabilization of
biological membranes and expression of stress proteins are
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amongst the vital mechanisms responsible for stress toler-
ance in plants (Bohnert and Sheveleva 1998; Wahid and
Close 2007; Al-Ghamdi 2009).

Germination and seedling emergence from seeds and
planting materials are highly sensitive to thermal stress
(Grass and Burris 1995; Egli et al. 2005; Farooq et al.
2009). Heat stress seriously reduces the germination and
early seedling growth in a number of plant species
including sugarcane (Wahid et al. 2008, 2010). However,
plant age and the duration of exposure to heat stress are
important (Wahid et al. 2007). In extreme cases, heat stress
accelerates the senescence, reduces crop productivity
(Porter 2005) and sometimes leads to plant death (Sharma
et al. 2005). The visible symptoms of heat injury include
leaf rolling and folding, dehydration, chlorosis, tip burning
etc. (Vollenweider and Giinthardt-Goerg 2005).

Increased heat stress leads to the overproduction and
accumulation of various organic and inorganic osmolytes.
These osmolytes protect the plants from stresses by cellular
osmotic adjustment, detoxification of ROS, protection of
biological membranes and stabilisation of enzymes/pro-
teins (Bohnert and Jensen 1996; Verbruggen and Hermans
2008). Although heat sensitive plants apparently lack this
ability, heat tolerance in such plants can be improved by
exogenous application of such osmoprotectants and nutri-
ents (Sakamoto and Murata 2002; Jain et al. 2009; Rasheed
et al. 2010). Seed pretreatments with the osmoprotectants
such as proline and GB have proven beneficial in
improving germination and growth of seedlings under
optimal and sub-optimal conditions (Wahid and Shabbir
2005; Song et al. 2005; Ashraf and Foolad 2007; Farooq
et al. 2008). However, for efficient induction of heat stress
tolerance in sensitive species, the effective concentrations
of the osmoprotectants to be applied, stage of plant growth,
and protocols for the induction of stress tolerance are the
key steps to be carefully followed.

Sugarcane is a premier sugar crop the world over.
Although a tropical plant species and requires relatively
higher temperatures for growth, sugarcane shows heat
sensitivity beyond 36°C as evident from its diminished
growth and water relations (Wahid et al. 2010). Despite
this, heat tolerance mechanisms are relatively less under-
stood in sugarcane. The available studies show that canopy
temperature is an important factor in the growth and pro-
duction of new leaves in sugarcane (Robertson et al. 1998).
Heat stress applied to sugarcane reduced the Hill-reaction,
chlorophyll fluorescence and electron transport at PSII
(Ebrahim et al. 1998). Wahid and Close (2007) reported
that, despite ample water supply to roots, water potential
and its components were severely affected in sugarcane
leaves under heat stress. As a heat tolerance strategy,
sugarcane showed the synthesis of primary and secondary
metabolites. Of the primary metabolites, free proline, GB
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and soluble sugars while among the secondary metabolites,
carotenoids, soluble phenolics and anthocyanins had close
association to heat resistance (Wahid 2007). Enzymatic
antioxidants also combat heat stress induced oxidative
damage in sugarcane (Jain et al. 2007).

In Pakistan sugarcane is normally propagated from nodal
cuttings (setts). Sprouting of sugarcane setts is adversely
affected by prevailing heat stress (Moore 1987; Wahid et al.
2010). Understanding the changes produced by heat stress
and finding strategies to improve heat tolerance is, there-
fore, imperative. The sugarcane buds present a unique
system to study the development and differentiation from
immature to mature state, especially under adverse condi-
tions like heat stress. The available literature shows that
sugarcane buds have been rarely investigated for physio-
logical and histological changes and the effectiveness of
osmoprotectants in improving heat tolerance at sprouting.
It is predicted that soaking with GB and proline can bring
profound changes and reduce the detrimental effects of
heat stress on the expanding regions of sugarcane during
sprouting. This study was, therefore, undertaken to monitor
the bud sprouting and determine the effectiveness of proline
and GB in improving heat tolerance in sugarcane buds.

Materials and methods
Bud material

Setts of sugarcane (Saccharum sp. cv. HSF-240) with
healthy looking buds were obtained from Sugarcane
Research Institute (SRI), Ayub Agricultural Research
Institute (AARI), Faisalabad, Pakistan. Immature buds of
similar age were selected from upper five nodes of culm.

Pretreatment and sprouting of bud

Single noded setts were pretreated with water and 20 mM
solutions (optimized from a range 5-40 mM in a series of
experiments) each of proline and GB at 25°C for 8 h. Two
experiments were conducted. In long term (3 weeks)
experiment, 20 buds, per replication, were sprouted to
record the data for the final sprouting percentage. In short
term experiment, the changes in physiological and histo-
logical parameters were investigated. In both experiments,
20 bud chips were separately kept in a double layer of
moistened towel cloth in plastic trays. Then trays were
transferred to separated growth chambers (FLI, Eyelatron,
Rikkakai, Japan) and sprouted at 25°C (control) and 42°C
(heat stress). High temperature treatment was induced by
gradually raising the growth chamber temperature from 25
to 42°C in about 5 h. Design of the experiments was
completely randomized with three replications.
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Sett sprouting, sampling and data recording

In long term experiment, the observations were made at an
interval of 3 days to record the production of roots at the
node and sprouting of buds. A bud was considered sprouted
with the emergence of roots around the node and greening
and swelling of buds.

In short term experiment, in view of the fact that the
tissues differentiation begins quite early, the buds from all
treatments were harvested at 8, 16, 24, 32, 40 and 48 h
after putting them to sprout. At sampling time, the
sprouting buds were excised from the bud chips with a
sharp razor and immediately determined for fresh weight.
For taking dry weight, the excised buds were put into paper
bags and placed in an oven set at 70°C for 7 days.

For the estimation of free proline, GB, soluble sugars
and hydrogen peroxide (H,O,), the freshly excised bud
tissue was immediately frozen and stored at —40°C until
analyzed. For the analysis of free proline according to the
method of Bates et al. (1973), 0.5 g of frozen fresh bud
tissue was macerated in 10 mL of aqueous sulphosalicylic
acid (3%, w/v), and filtered. Two mL of filtrate was mixed
with 2 mL each of acid ninhydrin and glacial acetic acid
and incubated at 100°C in a water bath for 1 h. The reac-
tion was terminated in an ice bath, extracted immediately
with 4 mL of toluene after vortexing for 15-20 s. The
chromophore containing free proline was aspirated, added
to a test tube, warmed to room temperature and the
absorbance was measured at 520 nm on a spectrophotom-
eter (Hitachi U-2001, Tokyo, Japan). Values of unknown
samples were compared with standard curve prepared from
a range (10 to 50 pg 2 mL™") of proline standards, and the
amount of free proline calculated.

The GB was estimated following Grieve and Grattan
(1983) method. Fresh extracts of buds were prepared by
vigorously shaking in 2 N H,SO, and refrigerated as
described elsewhere (Rasheed et al. 2010). These extracts
were mixed with an equal volume of periodide prepared by
dissolving excess of iodine in potassium iodide solution,
vortexed and kept at 4°C for 16 h. The mixture was cen-
trifuged at 10,000xg at 4°C for 15 min, and supernatant
discarded. The pellet of periodide crystals was dissolved in
10 mL of 1, 2-dichloroethane, vortexed, left at room tem-
perature for 15-20 min and absorbance of the colored
solution taken at 365 nm.

As described elsewhere (Rasheed et al. 2010), to mea-
sure glucose equivalent soluble sugars, 0.1 g of frozen bud
tissue was extracted overnight in 5 mL of 0.2 M phosphate
buffer (pH 7) at room temperature. Next morning, 0.1 mL
of the aliquot from sample was mixed with 3 mL of freshly
prepared anthrone reagent and carefully vortexed. Mixture
was heated at 95°C for 15 min, cooled to room temperature
under running tap water, and absorbance of the colored

complex was taken at 625 nm after 20 min. A standard
glucose series (0-100 pg mL™") was prepared to compute
the amount of soluble sugars in the unknown samples
(Yoshida et al. 1976).

For the determination of H,O, with the method of
Velikova et al. (2000), the bud tissue (0.1 g) was homog-
enized in a pre-chilled mortar and pestle with 1 mL 0.1%
(w/v) trichloroacetic acid. The homogenate was centri-
fuged at 12,000xg for 15 min and 0.5 mL of supernatant
was added to 0.5 mL of 10 mM potassium phosphate
buffer (pH 7.0) and 1 mL 1 M potassium iodide. The
supernatant was vortexed and absorbance read at 390 nm
on a spectrophotometer using water as blank. The amount
of H,O, in unknown samples was derived by comparing
with a standard curve prepared from standard series
(0—100 HM) of H202.

For the determination of K™ and Ca®" with the method of
Tendon (1993), 0.5 g of the oven dried bud tissue was
digested in a mixture of concentrated HNO3 and HCIO, (3:1
ratio) on a heating block by stepwise increase in tempera-
ture to 250°C. After clearing the samples (in about 1 h), the
volume was made up to 50 mL with distilled water.
Analysis of K™ was carried out using flame photometer
(Sherwood Model 410, Cambridge), and its exact amount
computed from the standard curve prepared from standard
series (0-50 mg L") of K* using KCI. The quantity of
Ca”" from the extracts was estimated with atomic absorp-
tion spectrophotometer (Perkin Elmer, Model AAnalyst
3000, Norwalk, Connecticut). The unknown sample val-
ues were determined by comparing with standard curve
prepared from standard series (0-50 mg L™").

Histological studies

Bud tissue processing for microtomy was done as described
by Ruzin (1999). After excising from the setts, the buds
were immediately fixed in formaldehyde, acetic acid, eth-
anol and water (FAA; 10:5:1:4) for 48 h. The tissue for
section cutting was dehydrated in graded alcoholic series
50, 70, 90, 95 and 100% for 10—15 min each. The dehy-
drated tissue was gradually transferred to decreasing
alcoholic and increasing xylene grades (25, 50, 75 and
100% xylene; each step for 25-30 min) at room tempera-
ture. The xylenated tissue was infiltrated and embedded in
paraffin wax contained in plastic molds. The trimmed
paraffin blocks containing tissues were adjusted on the
microtome (Shandon, Germany) for cutting 5 um thick
sections. The sections were deparaffinized with xylene and
rehydrated after affixing the ribbon on the adhesive coated
glass slides, and stained with toluidine blue stain (0.05%
aqueous solution). The photomicrographs of the stained
sections were taken on a camera equipped microscope
(DG3 LaboMed, USA).
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The stained sections were used to take measurements
of various cells and tissues with ocular and stage
micrometers at various magnifications. For the calcula-
tion of area of cells and tissues, the formulae were
used from the website: http://en.wikipedia.org/wiki/Area.
Maximum width of each differentiating leaf was taken
from the center. The number of mesophyll cells, inter-
vening the lower and upper epidermis, was counted
across the maximum leaf width. Assuming that the
mesophyll cells were ellipsoidal, their area was measured
with the formula: “m x a x b”; where a and b are semi-
major and semi-minor axis, respectively. The number of
vascular bundles was counted in whole of the leaf, while
their area was calculated as described for the area of
mesophyll cells.

Cost-benefit and statistical analyses

Empirical cost-benefit analysis was made for the cost of
proline and GB required for soaking 40 single noded bud
chips (~3—4 cm internode on each side of the node) in a
liter of solution in improving bud sprouting under control
and heat stress conditions. For statistics, data of all
parameters were subjected to analyses of variance
(ANOVA) using COSTAT computer package (CoHort
software, 2003, Monterey, California) and LSD test was
applied to determine the differences in various factors and
their interactions at P = 0.05 and compare the treatment
means (Steel et al. 1996). Correlations were drawn between
different physiological and anatomical attributes at 8 (ini-
tial) and 48 (last) time points.

Results
Bud sprouting

Data for bud sprouting indicated significant (P < 0.01)
differences in the time intervals and soaking treatments
with significant (P < 0.01) interaction of these factors.
Sprouting started on day 6 in the control buds soaked in
20 mM proline and GB. On day 9, the bud sprouting was
seen in all the treatments except in the unsoaked heat
treated buds, which sprouted on day 12. On day 15 and
18, the bud sprouting was noted in all the treatments, but
with significant (P < 0.01) differences. On day 18, pres-
oaking in proline was the most effective followed by GB
under control condition, while under heat stress proline
soaking again excelled the other treatments; being at par
(P > 0.05) with unsoaked control buds. Nonetheless, heat
stressed buds showed lowest sprouting at all time periods

(Fig. 1).
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Fig. 1 Rate of buds sprouting and possible effectiveness of pretreat-
ment with 20 mM each of proline and glycinebetaine under heat stress.
Vertical lines on the bars are standard deviation of means. Bars with
same letters differ non-significantly (P > 0.05)

Changes in biomass of buds under heat stress

In the short term experiments on sugarcane buds, there was
significant (P < 0.01) difference in the treatments and data
points, but no significant (P > 0.05) interaction of these
factors was evident for bud fresh and dry weights.
Although there was a time course increase across all
treatments, the fresh and dry weights were the lowest in
heat treated followed by untreated control buds. Presoaking
in 20 mM solution each of proline and GB substantially
increased both these parameters, although their effective-
ness was greater under heat stress. Of the two osmopro-
tectants, proline was more effective than GB (Table 1).

Bud physiological attributes

Although there was no difference (P > 0.05) in free proline
accumulation in the time points; we noted a significant
difference in the treatments, but an interaction of time
points and treatments was missing (P > 0.05). For GB on
the other hand, there were significant (P < 0.01) differ-
ences in the time points, treatments with an interaction
(P < 0.01) of time points and various treatments for GB
accumulation. Although trend did not change over the time
periods, free proline accumulation was the highest in
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Table 1 Time course changes in bud fresh and dry weight during sprouting and the effectiveness of proline and glycinebetaine pretreatment

under heat stress

Parameters Treatments Harvests (h)
8 16 24 32 40 48

Fresh weight Control 1.22 £ 0.09 1.34 £ 0.11 1.51 £ 0.09 1.75 £ 0.09 1.86 + 0.17 2.09 £ 0.18
Heat stress 1.20 + 0.09 1.39 £ 0.13 1.44 £+ 0.12 1.64 + 0.18 1.72 £ 0.18 1.77 £ 0.18
Control + GB 1.60 + 0.16 1.68 £+ 0.17 1.95 + 0.24 2.20 + 0.04 2.29 + 0.09 245 + 0.20
Heat stress + GB 1.36 £ 0.16 1.55 £ 0.15 1.66 + 0.13 1.78 + 0.04 2.01 + 0.08 2.17 £ 0.11
Control + Proline 1.38 + 0.13 1.63 £ 0.16 1.89 + 0.27 230 £ 0.18 240 + 0.14 2.59 +0.28
Heat stress + Proline 1.33 £ 0.12 1.48 £ 0.16 1.68 £+ 0.17 1.99 £+ 0.20 2.17 £ 0.13 2.28 + 0.07

Dry weight Control 0.30 £ 0.02 0.33 + 0.01 0.40 £ 0.06 0.44 £+ 0.04 0.46 + 0.03 0.51 £ 0.04
Heat stress 0.31 £ 0.02 0.33 + 0.01 0.37 + 0.04 0.36 £+ 0.02 0.38 + 0.04 0.42 £+ 0.03
Control + GB 0.34 + 0.02 0.39 £+ 0.05 0.45 £ 0.03 0.50 &+ 0.06 0.53 £ 0.04 0.57 + 0.04
Heat stress + GB 0.34 £ 0.01 0.40 + 0.03 0.45 £ 0.04 0.47 £ 0.04 0.52 + 0.03 0.55 £ 0.06
Control + Proline 0.35 £ 0.03 0.42 + 0.05 0.48 £ 0.03 0.51 £ 0.05 0.54 + 0.07 0.57 £ 0.06
Heat stress + Proline 0.38 + 0.03 0.43 £+ 0.05 0.47 £ 0.05 0.50 + 0.05 0.52 + 0.01 0.54 £+ 0.03

LSD values for fresh weight: Harvests (H) 0.137*%*, treatments (T) 0.137** and H x T 0.306 ns
LSD values for dry weight: H 0.033**, T 0.033** and H x T 0.073 ns

proline-soaked heat stressed buds followed by non-stressed
proline-soaked buds. However, control and GB treated and
heat stressed or non-stressed buds indicated a meager
accumulation of free proline (Fig. 2a). A minimum GB
concentration was noticed in unsoaked buds, which accu-
mulated greatly in a time dependent manner in the GB
treated buds followed by heat and GB soaked and heat
treated buds. Proline-soaked control or heat stressed buds
showed no change in GB accumulation compared with
control buds (Fig. 2b).

For soluble sugars, data revealed significant (P < 0.01)
difference in the time points and treatments with an
interaction (P < 0.01) of these factors. Under control
condition, the buds, irrespective of pretreatments, indi-
cated no changes in the soluble sugar concentration.
However, under heat stress both the pretreated and
untreated buds showed a time-related accumulation of
soluble sugars, although their accumulation was the
greatest in GB-soaked followed by proline-soaked buds
(Fig. 2¢). For H,O, concentration, data indicated signif-
icant (P < 0.05) difference in the time points, a non-
significant (P > 0.01) one in the treatments but with an
interaction (P < 0.01) of both these factors. Under con-
trol condition, the H,O, contents did not differ much in
the untreated or osmoprotectants-treated buds at all time
periods. Under heat stress, however, the untreated buds
indicated a linear accumulation of H,0O,, while pre-
treatment with proline followed by GB was much
effective in reducing the accumulation of H,O, and
bringing it down to the control levels. Of the osmopro-
tectants, proline was more effective than GB at all time
points (Fig. 2d).

For K™ and Ca®" contents, data revealed significant
(P < 0.01) difference in the time points and treatments,
while there was significant interaction of these factors for
K" while no interaction (P > 0.05) for Ca>" contents of
sprouting buds. Under control condition, unsoaked and
soaked buds indicted no differences for their KT contents.
Heat stress caused a reduction in the K* contents of the
buds, but this reduction was lower in GB followed by
proline pretreated buds, while untreated buds indicated the
lowest K accumulation (Fig. 2e). Soaking in proline or
GB solutions was effective in improving the Ca** contents
of sugarcane buds under control or heat stress. However,
proline improved the Ca>" contents of heat stressed buds,
which was similar to that of control buds. Here, GB was
more effective in improving Ca®" contents of sprouting
buds (Fig. 2f).

Histological changes in buds

Although we determined histological changes in the
sprouting buds at all harvests (8, 16, 24, 32, 40 and 48 h),
the photographs have been presented only those taken at
32 h time point (Fig. 3). The measurements of various cells
and tissues at each time point are given in Fig. 4. For
differentiation of leaves, data indicated significant differ-
ences in time points but not among treatments, while
interaction of these factors was not evident (P > 0.05).
The differentiation of leaves although increased with time
in all the treatments, it was the lowest in heat stressed
control buds. Pretreatment with GB and proline improved
the differentiation of leaves both under control and heat
stress treatments in a time dependent manner. Of the two
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Fig. 2 Time course changes in some physiological attributes of buds during sprouting and the effectiveness of 20 mM concentration of proline
and glycinebetaine pretreatment under heat stress. Vertical lines on the bars are standard deviation of means

osmoprotectants, GB soaking was relatively better under
control and heat stress (Fig.4a). With significant
(P < 0.01) difference in the time points and treatments and
with a significant interaction of these factors, the maximum
width of differentiating leaves, progressed with time in all
the treatments, but applied heat stress greatly diminished
this character. The differentiating leaves were the nar-
rowest in heat treated buds, whilst pretreatment with both
GB and proline increased leaf width under control and heat
stress. The effectiveness of GB and proline was similar
under control. However, under heat stress pretreatment
with GB proved more effective in increasing leaf width
than with proline (Fig. 4b).

For number and area of mesophyll cells, data indicated
significant differences in the time points and treatments;
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however, interaction of these factors was present for the
number of mesophyll cells only. At 8 and 16 h, there were
no remarkable differences in various treatments for the
number of mesophyll cells; however, at later time periods
this number decreased under heat stress. Under control
condition, GB and proline were equally effective in
increasing mesophyll cell numbers, while under heat stress
this number was the lowest in unsoaked buds but quite
higher in proline and GB soaked buds (Fig. 4c). The area
of individual mesophyll cells did not differ between soaked
and unsoaked buds over time under control condition.
However, under heat stress the mesophyll cell area was the
lowest in the unsoaked samples while GB followed by
proline was effective in improving this area at all time
points (Fig. 4d).
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Fig. 3 Diagrammatic
presentation of the changes in
the development of various cells
and tissues in the toluidine blue
stained transverse sections of
buds under control (left panel)
and heat stress (right panel)
conditions after 32 h. The buds
were treated with water
(control) and 20 mM solution
each of proline and
glycinebetaine (pretreated).

MC mesophyll cells;

VB vascular bundles;

EL elongating bud leaves

Data analysis for the number and area of vascular bun-
dles revealed significant (P < 0.01) differences among all
the time points and various treatments with an interaction
(P < 0.05) of these factors. Under control condition, the
number of vascular bundles in elongating leaves was
similar in soaked or unsoaked buds at all time points.
Under heat stress, this number was the lowest in untreated
control and proline treated buds, while GB showed a
greater improvement under heat stress (Fig. 4e). Although
increased in all treatments in a time course manner, the
area of vascular bundles was the greatest in GB treated
buds followed by proline and untreated buds under control
condition. However, heat stress greatly reduced vascular
bundle area; being the lowest in untreated heat stressed
buds. Presoaking with GB was more effective than proline
in improving the area of vascular bundles under heat stress
at all time points (Fig. 4f).

C cnlrol (unpreirﬁted)

Heat stressed (unptctrﬁted)

Correlations

In order to find possible relationships of the physiological
and structural changes, correlations were established of bud
biomass, with physiological and histological characters of
buds at initial (8 h) and final (48 h) time points. However,
data have been given only where the correlations were
significant (Table 2). At 8 h, most of the correlations were
non-significant except a negative correlation of H,O, with
the width of elongating leaves and positive correlations of
GB with number of differentiating leaves; free proline with
number of vascular bundles per leaf; soluble sugars with
number of differentiating leaves and K™ and Ca®" with the
width of differentiating leaves. However, at 48 h dry weight
was negatively correlated with H,O, concentration of buds
but positively correlated with Ca®", number of differenti-
ating leaves, area of mesophyll cells and area of vascular
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Fig. 4 Time course changes in some histological characteristics of buds during sprouting and possible effectiveness of pretreatment with proline
and glycinebetaine under heat stress. Vertical lines on the bars are standard deviation of means

bundles. K* was positively correlated with the width of
differentiating leaves, number and area of mesophyll cells
and vascular bundles, while Ca** paralleled with number
of differentiating leaves, area of mesophyll cell and area of
vascular bundles (Table 2).

Cost-benefit analysis

To soak 30 single noded setts (3—4 cm internode on both
sides of the node), 1 L of 20 mM solution each of proline
and GB would require 2.3 g proline (US$ 0.45) and
2.34 g GB (US$ 0.50). Assuming 25-30% increase in crop
stand of under heat stress over control, the soaking of setts
in both osmoprotectants proved beneficial.
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Discussion

Use of low molecular weight osmoprotectants has been
promising one for plants grown from seeds or propagating
materials (Ashraf and Foolad 2007; Wahid et al. 2007). In
the long term experiment, data revealed significant influ-
ence of heat stress on the bud sprouting, while presoaking
in proline and GB proved of considerable help in allevi-
ating the adversities of heat stress, although former os-
moprotectant was relatively more effective (Fig. 1). Bud
sprouting is a very important aspect of sugarcane produc-
tion under suboptimal growth conditions (Wahid et al.
2009). These data suggested that both these osmolytes, due
to their specific membrane protective properties, can be
used to improve heat tolerance in sugarcane.
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gzgﬁtZangz‘zfiit;’}?y‘;fogical X variable Y variable 8 h 48 h
attributes with the development 1.y yejone Hydrogen peroxide 0.487 ns ~0.876*
of buds as affected by various 2t
treatments at 8 and 48 h after Ca —0.715 ns 0.934*
exposure to heat stress Number of differentiated leaves —0.007 ns 0.913*
Area of individual mesophyll cells 0.127 ns 0.885*
Area of vascular bundles 0.344 ns 0.829*
Hydrogen peroxide Width of differentiating leaves —0.926** —0.545 ns
Free proline Number of vascular bundle per leaf 0.832* 0.456 ns
Glycinebetaine Number of mesophyll cell 0.824* 0.401 ns
Soluble sugars Number of differentiating leaves 0.820%* 0.420 ns
K* Width of differentiating leaves 0.814* 0.947%%*
Number of mesophyll cell 0.061 ns 0.946%*
Area of individual mesophyll cells 0.561 ns 0.904*
Number of vascular bundle per leaf 0.574 ns 0.983%%*
Area of vascular bundles 0.256 ns 0.922%%
Ca** Number of differentiated leaves 0.487 ns 0.895%
Width of differentiating leaves 0.836* 0.804 ns
Significant at: ** P < 0.01, Area of individual mesophyll cells 0.475 ns 0.814*
* P < 0.05 and ns non- Area of vascular bundles 0.388 ns 0.868*

significant

A short term time course study was conducted to
understand the basis of improvements in the bud sprouting
under heat stress and specific role of proline and GB in this
respect. Results indicated substantial reductions in fresh
and dry weight under heat stress, which was related to
hampered physiological activities in the bud, their restric-
ted development and biomass accumulation. Pretreatment
of buds with GB and proline had a little effect under
control condition but a great improvising effect on fresh
and dry weights of bud under heat stress (Table 1).
Although the sugarcane bud is a vegetative and non-
embryonic tissue (antonym to germinating seed; Alexander
1973), it is sensitive to stress conditions in a fashion similar
to seed during germination and seedling emergence (Wahid
et al. 2010).

One of the prominent effects of heat stress is the pro-
duction of ROS, causing oxidative damage on the cells and
tissues (Morison 1996; Wahid et al. 2007); which is
quantitatively measured in terms of malondialdehyde (Gir
et al. 2010; Savicka and Skute 2010). Although not mea-
sured in this study, it is most likely that H,O, accumulation
led to the membrane damage and accumulatrion of mal-
ondialdehyde. The endogenous synthesis or external supply
of osmoprotectants and other chemicals have been reported
to be effective in reducing the oxidative stress with the
generation of ROS (Smirnoff 2005; Ashraf and Foolad
2007; Wahid et al. 2008). Other effects of heat stress
include reduced concentration of essential nutrients (Wahid
et al. 2007). In this study, measurement of H,O, in buds
indicated that heat stress led to a greater production of
H>O, in the untreated buds, while treated buds indicated its

lower production (Fig. 2). H,0O, is a relatively longer-lived
amongst the ROS is highly toxic (Gong et al. 1998; Wahid
et al. 2007). These findings showed the effectiveness of
both the osmoprotectants in the alleviation of oxidative
damage.

Among other physiological attributes, the production of
free proline, GB, soluble sugars, and changes in the accu-
mulation of K* and Ca®* were monitored. It is important to
notice that both GB and proline soaked buds indicated
steady state levels of both these osmolytes under control or
heat stress (Fig. 2), indicating that both were not metabo-
lized rather they persisted and appeared to play a role in
maintaining water economy of the sprouting buds as evi-
dent from the fresh weight of buds (Table 1). Contrarily,
soluble sugars indicated a linear accumulation, which was
enhanced further by pretreatment with both GB and pro-
line. Similar was the trend for the accumulation of K* and
Ca’* (Fig. 2) in the presoaked heat stressed buds. Both
these ions play protective roles, particularly for the bio-
logical membranes of plants under heat and other stresses
(Ashraf and Foolad 2007; Farooq et al. 2009). These
findings revealed that soaking of buds with GB and proline
augmented the accumulation of soluble sugars, K* and
Ca”" and helped the buds to withstand heat stress while
sprouting.

Immature bud is a vegetative tissue comprising a ground
mass of cells. When provided with appropriate medium the
buds show the differentiation of leaf primordia and leaves,
which ultimately lead to the sprouting and emergence as
seedling (Alexander 1973). During the sprouting of buds,
expansion of differentiating leaves and establishment of
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vascular connections is pivotal. To our knowledge no study
has so far reported the development of various tissues of
sugarcane bud from immature to mature state under normal
or heat stress conditions. Here the comparative develop-
mental changes were monitored in GB and proline soaked
or unsoaked sugarcane buds under heat stress (Fig. 3).
These findings revealed a progressive development of
various tissues including the number of differentiating
leaves and their expansion, number and area of mesophyll
cells, and number and area of vascular bundles (Fig. 4).
Data revealed a severe effect of heat stress on these attri-
butes while the role of pretreatment with GB and proline
was well evident, albeit to varying degrees. Most important
effect of heat stress was on the expansion of mesophyll
cells and the establishment of vascular connections.
Although heat stress hastened the differentiation of elon-
gating leaves, the mesophyll cells became diffused in
appearance and were much reduced in size. The vascular
bundles in the elongating leaves were much deformed and
deshaped instead of being roundish as seen in normal
sprouting buds (Fig. 3). Nevertheless, soaking in GB and
proline solutions markedly reversed the heat stress effects
on these tissues with reduced sizes of various cells and
tissues (Figs. 3, 4). Although for some attributes, the
effectiveness of GB and proline nearly equaled controls,
soaking in GB was more beneficial to the development of
bud tissues than proline.

The establishment of correlations is an important tool to
find possible associations of various parameters (Steel et al.
1996). The validity of changes produced by soaking of buds
and effect of heat stress was monitored by correlating vari-
ous attributes during initial and final time points. These
correlations indicated that although sparingly evident at 8 h
time point, were well evident at 48 h (final) time point
(Table 2). These data suggested that bud soaking in 20 mM
proline and GB solutions resulted in the maintenance of
requisite levels of Ca®* and K™, which was crucial for the
differentiation of the leaves from the ground tissues of
immature buds and increasing dry weight of the sprouting
bud under heat stress. Presence of a negative correlation of
H,0, with dry weight indicated that an element of oxidative
damage (Gong et al. 1998) due to heat stress was also pre-
valent on the buds. Positive correlations existing in the levels
of K and Ca®>" and development of bud tissues (Table 2)
are the likely reasons for improved heat tolerance of buds
triggered by soaking in proline and GB solutions. This fur-
ther strengthens our view that greater endogenous nutrients
are pivotal for salt tolerance of sugarcane buds (Wahid et al.
2009). However, absence of any correlation of GB, proline
or sugars with dry weight or differentiation of the bud tissues
revealed the indirect roles of the used osmoprotectants in
improving the heat tolerance of sugarcane buds rather their
direct roles in producing the above reported changes.

@ Springer

In conclusion, bud soaking in 20 mM GB and proline
solutions counteracted the effect of heat stress on the bud
sprouting by enhancing the tissue levels of K™ and Ca®",
thereby maintaining the differentiation of bud tissues and
increasing its dry weight. Correlation data revealed that
soaking with GB and proline had indirect roles in
improving bud growth under heat stress. Soaking of sug-
arcane buds at the used levels is economical and thus has
great implication for enhancing the sugarcane plant popu-
lation in a unit area in warmer climates.
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