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ABSTRACT 
 

 

 

Sugarcane shows reduced crop stand under relatively suboptimal conditions, the main reason for 

this is sensitivity of bud tissue to temperature fluctuations and salinity at sowing time. The aim 

of these studies was to explore the physiological, developmental and molecular changes 

occurring in the immature sugarcane buds under heat, cold and salt stresses, and possible role of 

proline and glycinebetaine in mitigating the changes in a time course manner during sprouting of 

nodal buds. All the stresses reduced bud fresh and dry weight, led to the generation of H2O2, 

reduced the tissue levels of K+ and Ca2+, but enhanced the synthesis of osmolytes in a time 

course manner. Heat stress mainly produced oxidative damage and acted as a dehydrative force, 

whereas cold stress caused oxidative stress and slowed down the physiological activities. Salinity 

was the most damaging of all the stresses. The main effects of salinity were the accumulation of 

Na+ and Cl-, reduced tissue contents of Ca2+ and K+ and enhanced synthesis of H2O2 in the 

developing sugarcane bud. As for histological changes, all the stresses delayed and reduced the 

formation of new bud leaves and their expansion, which was mainly because of reduction in the 

number and area of mesophyll cells and poor development of vascular bundles. The pretreatment 

of bud chips with proline and GB effectively reduced stress effects being more effective under 

heat stress followed by cold stress and the least under salinity stress. As revealed from the 

correlation studies, although pretreatment with proline and GB appeared to have no direct role in 

stress tolerance, main effects were the reduced generation of H2O2, improvement in the K+ and 

Ca2+ nutrition and further enhancement in the levels of free proline, GB and soluble sugars under 

heat and cold stress. Under salt stress, the pretreatment reduced Na+ and Cl-, in addition to the 

observed effects under heat and cold stresses. Histological changes revealed that the pretreatment 

with osmoprotectants increased the mesophyll cell area leading to expansion in the bud leaves 

and led the development of elaborated vascular tissues. Of the two, GB was more effective than 

proline for all stress treatments but for different measured variables. Detailed studies on the 

molecular and metabolic responses indicated the enhanced expression of Asn, dehydrins, LEA 

and GAPDH genes, stronger accumulation of proline and alanine followed by glycine, glutamic 
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acid and 5-oxo-proline. Among the sugars, sucrose followed by diethylene glycol, fructose, 

glucose and glycerol, and nucleic acids, adenosine and uracil, as well as organic acids, aconitate, 

chlorogenate, ribonate_put, quinate, pipecolate, erythronate, GABA, glucoronate, gluconate, 

glucarate, glucoranate and octadecanoate showed accumulation at all temperature treatments and 

time periods. HCA and LVL revealed that out of 108 metabolites, chlorogenate, putrescine, 

octadecanoate, fructose, proline, glycine, sucrose, quinate, trans-aconitate, guanine, GABA and 

ethanolamine showed greater accumulation under high temperature. In crux, albeit all stresses 

deterred the transition of bud from immature to mature state, the salinity was the most damaging. 

In most cases, improvement produced by proline was greater than GB. Heat stress revealed 

distinct patterns of gene expression and metabolites synthesis. The correlation data showed that 

pretreatment with the osmoprotectants improved bud growth under stress regimes; the roles are 

indirect in improved Ca2+ and K+ nutrition and reduced production of H2O2. Nevertheless, these 

findings suggest that in low to moderately hot, cool and saline areas sugarcane bud sprouting can 

be improved by pretreatment of bud chips with the 20 mM levels of proline and GB and requisite 

crop stand can be achieved 

.
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CHAPTER-1 

INTRODUCTION 
 

 

Crop production throughout the globe is affected by the prevailing environmental conditions 

including biotic and abiotic stresses. Of the two types of stresses, abiotic factors including 

salinity, temperature extremes, drought stress and mineral toxicity are the most important ones 

(Langridge et al., 2006; Sreenivasulu et al., 2007). Abiotic stresses are important to the 

sustainability and productivity of the crops. It has been estimated that decline in yield of major 

crops as a result of these stressful factors, sometimes goes to over 50% of the true crop potential 

and in other cases there is complete crop failure (Wahid et al., 1997a, b; Lakshmanan et al., 

2005; Singles et al., 2005). Pakistan is situated in the region where salinity and temperature 

extremes are of greater importance to crop production (ADB, 2008). 

Growth and yield of important field crops is prone to the prevailing stressful 

environments. The major effects of stresses include stunted growth, reduced leaf area for 

photosynthesis, decline in the uptake of water and nutrients and ultimately hampered final 

economic yield (Karim et al., 1997). Upon exposure to the stressful environment, a number of 

changes take place at molecular, physiological, histological and whole plant level, and apparent 

changes in the plant morphology are the cumulative effects of the changes that are taking place at 

all these levels. It is very well evident that prevailing stressful conditions modulate the gene 

expression pattern leading to altered flux of the metabolites. This alteration in the metabolite 

synthesis and their levels play a crucial role in affecting the plant productivity.  

In this study, focus was laid on the salinity and temperature extremes. Increased soil 

salinity and changes in the ambient temperature in various crop growth seasons are important to 

the final yield. This however depends upon the crop species and duration of its growth. In 

Pakistan, saline areas account for more than 6.61 million hectares (Khan, 1998; Anonymous, 

2003-2004). The profile of salinity changes from place to place thus showing no definite pattern 

of reduction in crop yield. Likewise, low temperature is a problem for different crops in the 

northern areas of Pakistan while it stands true for high temperature in the south of Pakistan. Thus 

all these factors are of considerable importance to Pakistan’s agriculture. 
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The effects of soil salinity include ion toxicity, induced water deficit, nutrient deficiency, 

changes in the levels of plant growth hormones and above all oxidative damage (Pessarakli and 

Szabolcs, 1999). This shows that the effects of salinity on plant cells are intricate and involve an 

array of changes in time and tissue specificity. Likewise, the major effects of temperature 

extremes (high and low) are oxidative damage to membranes and cellular organs leading to the 

production of reactive oxygen species (Marschner, 1995; Ashraf, 2004). Heat stress may be 

defined as an elevation in temperature for a period of time sufficient to cause irreversible damage 

to plants. It is usually an increase of 10−15oC above the prevailing temperature (Porter, 2005; 

Wahid et al., 2007a). Global warming arises from human activities and emissions of greenhouse 

gases; particularly CO2, cholorofluro-carbons and methane, are ultimately increasing the average 

temperature of the globe. Inter-governmental panel on climatic change has reported that global 

mean temperature will increase 0.3oC per decade, reaching to 1oC above the current value by the 

year 2100 (IPCC, 2007). 

Global warming is playing a negative role in the field of agriculture by decreasing crop 

yields. This decrease in crop yield is because of shortened life cycle and hastened senescence due 

to high temperature stress in different agro-climatic zones (Porter, 2005). High day and night 

temperatures as well as high soil and air temperatures hamper plant growth and cause 

considerable pre- and post-harvest losses (Hall, 2001). Heat injuries are both short- and long-

term. Severe heat stress for short-term can cause cellular damage and ultimately cell death. In the 

same way high temperature stress over a long period of time results in calamitous collapse of 

cellular organization and death (Schoeffl et al., 1998). High temperature stress results in altered 

gene expression, inactivation of enzymes in chloroplast and mitochondria, production of reactive 

oxygen species, inhibited protein synthesis and protein degradation. Long-term effects may be 

reduction in the size of tissues and organs and hampered morphological development (Wahid et 

al., 2007a). 

Apart from heat stress, cold stress is another constraint for the crop growth and 

development. Cold or low temperature stress includes chilling (<20oC) and freezing temperatures 

(<0oC). Cold stress is believed to affect plants in many ways but these effects are dependent on 

the degree of severity and time of exposure. Plant seedlings are the most sensitive to cold stress. 

Symptoms of cold stress injury include surface lesions, discoloration, desiccation, tissue break 

down and water soaked appearance of tissues (Sharma et al., 2005; Solanke and Sharma, 2008). 
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Other symptoms include accelerated senescence, ethylene production and faster decay due to 

leakage of different plant metabolites (Sharma et al., 2005; Thomashow, 2001). 

Cold stress is perceived by plasma membrane due to decrease in membrane fluidity. This 

decrease in membrane fluidity is due to fatty acid unsaturation in membrane lipids. It also 

changes composition and ratios of lipids to protein in cell membranes (Wang and Li, 2006b). 

Low and freezing temperatures also lead to cellular dehydration, reduce water and nutrient 

uptake and conduction by roots in some plants, thus causing osmotic stress. Cold stress inhibits 

various metabolic reactions thus preventing the expression of full genetic potential of plants 

(Chinnusamy et al., 2007). It also causes oxidative stress due to production of ROS, which 

severely affect electron transfer and associated biochemical reactions (Prasad et al., 1994; Suzuki 

and Mittler, 2006; Solanke and Sharma, 2008). 

Increased salinity of soil limits crop production to a great extent. A saline soil is that 

having concentrations of soluble ions, high enough to affect plant growth. These are the soils 

with sufficient exchangeable sodium to interfere with the growth of most crop plants. Salt 

concentration in a soil is measured in terms of its electrical conductivity (ECe). A soil is 

categorized as saline that has an ECe of 4 dS m-1 or more, although many crops are affected by 

soil with an ECe of less than 4 dS m-1 (Richards, 1954). Sources of soil salinity may be primary 

(via natural processes) and secondary (via human activities). Salinity changes the hydrologic 

balance of the soil between water applied (irrigation or rainfall) and water used by crops 

(transpiration). Both results in the accumulation of dissolved salts in the soil and water to an 

extent that inhibits plant growth (Pitman and Lauchli, 2002). 

On the basis of their responses to salinity, plants are categorized into glycophytes and 

halophytes; glycophytes being salt sensitive, whereas halophytes are known as salt tolerant. 

Glycophytes show an early reduction in shoot growth and to a lesser extent root growth under 

saline conditions (Sairam and Tyagi, 2004). Accumulation of Na+ in leaf tissues also causes 

necrosis of the older leaves, starting from the tips and margins and then damage to the whole 

leaf. In this way, the life time of individual leaves is shortened resulting in reduced net 

productivity and crop yield (Munns, 2002).  

 Improvement of crop plants for the stress tolerance uses traditional and modern breeding 

methods. Major advances have been made in plant genetic engineering during the last few 

decades (Grover et al., 1999). Molecular breeding and genetic engineering have added 
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considerably to our understanding of the complexity of stress response (Sreenivasulu et al., 

2007) and also helped us for engineering tolerance against abiotic stresses (Grover et al., 1999). 

Genetic engineering has helped us increase the levels of osmotically active solutes (i.e. proline, 

glycinebetaine, mannitol, trehalose etc.) and achieving stress tolerance (Grover et al., 1999). The 

compatible osmolytes enhance the tolerance to abiotic stresses including salinity, low and high 

temperatures (Rontein et al., 2002; Wahid and Shabbir, 2005).  

Among various osmoprotectants, proline and glycinebetaine have been extensively 

researched for their role in producing stress tolerance in crop plants, via seed priming or foliar 

spray (Grover et al., 1999; Verbruggen and Hermans, 2008; Farooq et al., 2009).  Several studies 

show that these osmolytes do not interfere with the normal cellular functions instead they help 

the plants escape stress effects by association with cytoplasmic and organelle membranes 

(Delauney and Verma 1993; Verbruggen and Hermans, 2008).  

Production of seedlings from seeds and propagules is a very complex phenomenon, 

which involves the expression of numerous genes at various time periods, in addition to 

numerous morphogenetic changes (Sharma and Millam, 2004). The expression of these genes 

controls the formation of various tissues in the embryo (in case of seeds) and shoots apices (in 

case of nodes or buds). The histological changes taking place as a result of physiological and 

biochemical changes leads to the production of shoots, which eventually develops into a mature 

plant (Srivastava, 2002). It has been shown in a number of plant species producing seedling from 

seeds that the embryo passes through many histological changes and these changes are very 

clearly defined at individual events of development (Sharma and Millam, 2004). The genes 

responsible for producing these changes have been fully explored in Arabidopsis (Arabidopsis 

thaliana) (Lakshmanan et al., 2005; Shimizu-Sato and Mori, 2001). In addition the 

environmental and physiological factors affecting the histological developments have also been 

studied (Zhang et al., 2005). Contrary to the seeds, the production of shoot from propagules 

including nodal buds or other vegetative buds is entirely different, although leading eventually to 

the production of shoots (Wahid et al., 2009a). The histological differentiation from the 

immature nodal bud up to the production of shoot and protein expression pattern during this 

transition has not been studied in various plants, which provokes thorough investigations. 

Sugarcane is an important economic crop and a biggest source of table sugar in Pakistan. 

It is cultivated approximately on an area of 1 million ha (Anonymous, 2008). Pakistan occupies 
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an important position in cane-producing countries of the world, it ranks fifth in the cane acreage 

and production and 15th in the production of refined sugar. From the grower’s point of view 

sugarcane is more a cash than food crop. Although a C4 plant species, sugarcane is sensitive to 

salinity and displays suppressed growth under exceedingly high temperatures and diminished 

sprouting and reduced sucrose recovery under low temperature. Although varietal differences 

exist for tolerance to abiotic stresses in sugarcane, there is still a lot of room for exploring the 

mechanism of salinity and temperature extremes in terms of molecular, physiological, 

biochemical, histological and morphological attributes (Laskhmanan et al., 2005). 

Plants being sessile organisms have intricate mechanisms that enable them to respond to 

environmental changes. The process of priming can make a plant more resistant to future 

exposure by prior expose to that biotic or abiotic stress. This feature seems to show a kind of 

memory in plants however the molecular mechanism for this must be entirely different from the 

memory in animals that is reliant on nervous system. It is better to use the term “stress imprint” 

instead of memory for plants (Bruce et al., 2007). By priming we can make plants more resistant 

to future exposure as they show faster and stronger activation of various defense responses that 

are induced by exposure to abiotic stresses (Conrath et al., 2006). Plants primed for a particular 

stress response have the advantage in facilitating a more rapid response if the stress recurs (Ton 

et al., 2007). In this way it is beneficial to enhance protection without the costs associated with 

constitutive expression of stress related genes (Baldwin et al., 2006; Hulten et al., 2006). 

Priming can be elicited by exogenous application of chemical treatments as well as by exposure 

to stress cues themselves (Kessler et al., 2006; Heil and Bueno, 2007: Bruce et al., 2007). 

Compatible osmolytes like proline and GB appears to be strong candidates for priming the plants 

against abiotic stresses. 

The climatic conditions in Pakistan are such that sugarcane does not flower and is 

propagated from the nodal buds (Wahid et al., 1997b; Bakker, 1999). When sown under 

optimum growing conditions, nodes show up to 70% sprouting and if these conditions are sub-

optimum, the sprouting percentage drops substantially to as low as 20-30%.  However, varietal 

differences in the sprouting potential have been reported both under optimal and sub-optimal 

conditions (Wahid et al., 1997b; Lakshmanan et al., 2005; Singles et al., 2005). The nature of 

histological changes occurring from immature bud up to the production of shoot needs to be 

thoroughly investigated. It is surmised that pretreatment of sugarcane nodal buds (propagules) 
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with osmoprotectants may be helpful in alleviation of abiotic stress effects. In view of the 

scarcity of available information on the histological and biochemical changes occurring in 

sugarcane buds and environmental factors influencing this phenomenon, as well as role of 

osmoprotectants in alleviation of the stress effects, the present studies were conducted in line 

with the following objectives: 

 

1. To determine the histological changes leading to the production of sprouts from nodal 
buds 

 
2. To determine the gene expression pattern at various time intervals during sprout 

emergence 
 

3. To determine the influence of salinity and temperature (low and high) on the 
developmental phenomenon of sprouts 

 
4. To determine the influence of osmoprotectants (proline and glycinebetaine) on the 

histological changes during sprouting of buds under stressful conditions 
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CHAPTER-2 
REVIEW OF LITERATURE 

 

 

Abiotic stresses are the main reason for loss in crop yield and productivity. Hence they pose 

serious threats to the sustainability of crop yields more than any other factor in rainfed 

agriculture (Bhatnagar-Mathur et al., 2008; Sreenivasulu et al., 2006). Environmental stress 

tolerance is intricate and involves several changes at whole plant, cellular and molecular levels. 

These stresses have a negative impact on photosynthetic systems in higher plants. Leaf 

photosynthesis is directly influenced by heat stress thereby decreasing the final biomass yield 

(Camejo et al., 2005). Temperature extremes and salinity are the major stress types, which are 

great modulators of growth and productivity in crop plants (Zhang et al., 2000). However, the 

response of plants to these stresses may be entirely different. Plants respond to prevailing 

environmental conditions in several ways; main being the induction of whole set of molecular 

changes. These changes can be seen in the plant morphology as ultimate manifestations of the 

stress responses. Adversaries of stresses can be mitigated by the application of various stress-

alleviating compounds. Application of osmoprotectants might be greatly effective, which need 

comprehensive investigations. A review on high and low temperature and salinity stress effects 

on various aspects of plants growth and alleviation of their effects by use of osmoprotectants 

(proline and glycinebetaine) is given below:  

 

2.1 PLANT RESPONSES TO HEAT STRESS 
 

High temperature stress is a major growth restraining factor for most crop plants. Long term or 

even a temporary exposure to high temperature can change different metabolic functions, thereby 

affecting various plant parts including leaves, flower buds and roots (Tsukaguchi et al., 2003; 

Iwaya-Inoue et al., 2004). Most of the changes are noticeable in the cellular membranes. The 

metabolic changes include changes in the activities or structures of enzymes. Heat stress affects 

the enzymes from metabolic compartments such as mitochondria (Nash et al., 1982), cytoplasm 

(Laurie and Stewart, 1990) or chloroplasts (Dionisio-Sese et al., 1999). Research on heat 
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sensitive rice cultivars showed that heat stress for longer duration inhibits Rubisco activity (Bose 

and Ghosh, 1995). Thus, high temperature is believed to produce an array of changes in plants. 

Some specific physiological phenomena affected by high temperature are elaborated below: 

 

2.1.1 Whole plant responses 

 

Excess radiation and elevated temperatures in the tropical areas of the world crucially change 

plant growth and yield responses. Heat stress induced injury results in substantial pre- and post-

harvest losses (Hall, 1992). Main symptoms of heat stress on plants may include scorching of 

leaves and twigs, sunburn on branches and stems, leaf senescence and abscission (Ahmed and 

Hall, 1993; Guilioni et al., 1997; Ismail and Hall, 1999). Changes imposed by high temperature 

may be direct on physiological processes or indirect on the developmental patterns (Downton 

and Slayter, 1972; Rawson, 1992; Morison, 1996). High temperature causes delayed germination 

of seeds and loss of seed vigor (Grass and Burris, 1995; Egli et al., 2005), reduced plant 

emergence and patchy crop stand. A variation in day and night temperature reduces the 

coleoptiles growth in maize at 40oC and almost ceases it at 45oC (Weaich et al., 1996), thereby 

showing that thermotolerance of maize coleoptiles is related to field performance in hot 

environments (Venter et al., 1997). Heat stress effects may be identifiable in a time course 

manner also. Shoot dry mass, relative growth rate and net assimilation rate are significantly 

reduced by high temperature (Ashraf and Hafeez, 2004; Wahid, 2007). Heat stress reduced first 

internodal growth rate and cause premature death of plants (Hall, 1992). Sugarcane grown under 

high temperature conditions showed morphological changes such as early drying of leaves, 

smaller internodes and decreased total biomass (Ebrahim et al., 1998a, b). 

It is also considered a great adversary at anthesis and grain filling stages of crops 

especially in temperate regions (Reynolds et al., 1994; Gibson and Paulsen, 1999). Heat stress 

increases grain filling time but reduces kernel growth ultimately causing loss of kernel weight 

and its density (Reynolds et al., 1994; Ferris et al., 1998; Gibson and Paulsen, 1999; Monjardino 

et al,. 2005). Such reductions also affect kernel quality in terms of various constituents like 

protein, starch and oil contents (Wilhelm et al., 1999; Maestri et al., 2002). Lower yields in 

cotton have been associated with high temperature (Oosterhuis, 1999; Rahman et al., 2004). Heat 

susceptibility also causes yield loss in groundnut (Vara Prasad et al., 1999) and common bean, 
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Phaseolus vulgaris particularly in low land grown areas of temperate and tropical regions 

(Rainey and Griffiths, 2005). Therefore, temperate genotypes show less dry matter production 

and reduced yield due to high temperature stress (Giaveno and Ferrero, 2003). High temperature 

stress during grain filling can diminish seed set by accelerating senescence thereby reducing crop 

yields (Harding et al., 1990; Siddique et al., 1999). The reason is that the resources required are 

diverted to tolerate heat stress and only limited photosynthates are available for reproductive 

development (Hall, 1992). 

 

a. Heat Stress and anatomical modifications 

Like other abiotic stresses, heat stress brings about quite a range of histological modifications. At 

whole plant level, generally there is reduction in cell size along with closure of stomata, which 

negatively affect leaf water status (Santarius, 1973; Berry and Bjorkman, 1980). There may be 

several modifications such as increased densities of stomata and trichomes, greater xylem vessels 

of shoot and root in Lotus creticus seedlings (Banon et al., 2004). In grapes, heat stress increased 

the permeability of plasma membrane and severely damaged the mesophyll cells (Zhang et al., 

2005). Heat stress also causes various changes at the sub cellular level especially in chlorophyll 

where changes in structural organization of thylakoids in maize are observed (Karim et al., 1997) 

and specifically affect photosynthetic membranes resulting in loss of grana stacking or its 

swelling that limits photosynthesis (Gounaris et al., 1984). Some ill effects of heat stress in 

mesophyll cells of grapes included round shape of chloroplasts, swollen stroma lamellae, clump 

formation of vacuolar contents, disrupted cristae and damaged mitochondria (Zhang et al., 2005), 

which badly affected the antenna complex of photosystem II (Carpentier, 1999). 

 

b. Physiological and molecular responses 

Heat stress evokes the generation and reactions of reactive oxygen species (ROS) including 

singlet oxygen (1O2), superoxide radical (O2-), hydrogen peroxide (H2O2) and hydroxyl radical 

(OH-), thereby inducing oxidative stress (Liu and Huang, 2000; Mittler, 2002; Potters et al., 

2007). Chloroplast and mitochondria are the sites where superoxide radicals are regularly 

synthesized, whereas some quantities are also produced in microbodies. Main effects of ROS 

include autocatalytic peroxidation of membrane lipids and pigments, modification of membrane 
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permeability and functions (Xu et al., 2006). Among the ROS, hydroxyl radical OH- appears to 

be more toxic than O2- and H2O2, which is formed with the combination of both in the presence 

of trace amounts of Fe+2 and Fe+3 by Haber-Weiss reaction. The OH- is highly fatal to plant 

metabolism and limits growth and yield by damaging chlorophyll, proteins, lipids, DNA and 

other important macromolecules (Sairam and Tyagi, 2004). Tolerant plants entail a tendency of 

protection against the damaging effects of ROS with the synthesis of various enzymatic and non-

enzymatic ROS scavenging and detoxification systems (Apel and Hirt, 2004). This phenomenon 

starts with the conversion of O2- by superoxide dismutase (SOD) into H2O2, with the help of 

ascorbate peroxidase (APX) or catalase (CAT). It has been reported that a number of 

physiological processes are affected by the overexpression of SOD in plants, including removal 

of H2O2, oxidation of toxic reductants, biosynthesis and degradation of lignin in cell walls, auxin 

catabolism and others (Scandalios, 1993).  

More specifically, expression and activation of APX is related to the appearance of 

physiological injuries caused in plants by heat stress (Mazorra et al., 2002). Higher levels of 

ROS contribute to cellular injury due to reduced antioxidant activity in stressed tissues (Fadzillah 

et al., 1996; Mittler et al., 2004). Plants must be protected against oxidative stress so that they 

can survive under high temperature. Heat acclimated turf grass showed lower production of ROS 

as a result of enhanced synthesis of ascorbate and glutathione (Xu et al., 2006). It is suggested 

that antioxidant capacity of cells can be increased by some signaling molecules (Gong et al., 

1997; Dat et al., 1998). However research is imperative to identify the signaling molecules that 

enhance the antioxidant production in cells exposed to high temperature stress. 

Secondary metabolites are synthesized in plants from the intermediates of primary carbon 

metabolism via phenylpropanoic acid, shikmic acid, mevalonic acid and methyl erythritol 

phosphate pathways (Buchanan et al., 2000; Taiz and Zeiger, 2006). High temperature stress 

induces production of various secondary metabolites i.e. phenolics, flavonoids and phenyl 

propanoids (Bharti and Khurana, 1997; Wahid, 2007). Increased activity of phenylalanine 

ammonia lyase (PAL) in response to heat stress is the main acclimatory response (Wahid et al., 

2007). In watermelon, acclimation to heat stress is triggered by the biosynthesis of phenolic 

compounds induced by the high temperature stress (Rivero et al, 2001). Carotenoids show a role 

in protecting cellular structures in various plant species under different stress types (Havaux, 

1998). Xanthophyll cycle also plays a great role in photoprotection in plants. Recent research has 
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shown that lipids of the thylakoid membranes are stabilized and photoprotected by various 

carotenoids of xanthophyll family and some terpenoids such as isoprene and α-tocopherol 

(Havaux, 1993). Exposure of plants to stressful environmental conditions such as strong light 

and elevated temperatures causes the partitioning of the xanthophylls including violaxanthin, 

anthraxanthin and zeaxanthins between the light harvesting complexes and lipid phase of 

thylakoid membranes. This partitioning decreases thermostability of membranes (Havaux, 1998).  

Phenolics play a variety of roles in plants as they are the most abundant class of 

secondary metabolites including flavonoids, lignin, anthocyanin etc. Soluble phenolics 

accumulate under high temperature stress accompanied with increased concentration of PAL but 

decreased activities of peroxidase polyphenyl lyase (Rivero et al, 2001; Taiz and Zeiger, 2006). 

They act as powerful antioxidants in plant tissues under stress (Dixon and Paiva 1995; Sgherri et 

al., 2004). Levels of flavonoid (e.g., anthocyanins) are greatly modulated in plant tissues under 

heat stress (Oren-Shamir and Nissim-Levi, 1999; Sachray et al., 2002). High temperature 

decreases the synthesis of anthocyanins in Chrysanthemum (Shibata et al., 1988), aster (Sachray 

et al., 2002), red apple (Tomana and Yamada, 1988) and rose (Biran et al., 1974). 

Isoprenoids are low molecular weight volatile compounds, synthesized via mevalonic 

acid pathway (Taiz and Zeiger, 2006) and their emission from leaves confers heat stress 

tolerance in plants (Loreto et al, 1998; Sharkey, 2005). Their biosynthesis requires considerable 

amounts of photosynthates; which makes their synthesis cost intensive but showing 

compensatory benefits in terms of heat tolerance (Funk et al., 2004). There exists a relationship 

between isoprene emission and tolerance to high temperature stress as plants capable of emitting 

higher amounts of isoprene photosynthesize better under heat stress (Velikova et al., 2004). 

Isoprene production also protects PSII from the damaging effects of ROS (Sharkey, 2005), 

whereas it’s endogenous production protects the biological membranes by directly binding with 

singlet oxygen (1O2) by means of isoprene-conjugate double bond (Velikova et al., 2004). 

Conventional and modern breeding methods have been practiced for improving plant 

stress tolerance for many years. However, molecular breeding and genetic engineering have 

contributed substantially to our understanding of the complexity of stress responses 

(Sreenivasulu et al., 2006). It has become possible to examine the mechanisms that perceive 

signals, transduce them and also to understand cellular pathways involved in abiotic stress 

response (Sreenivasulu et al., 2006). Molecular studies by employing cDNA arrays have 
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recognized several genes that are upregulated by biotic and abiotic stress (Kawasaki et al., 2001; 

Provart et al., 2003; Nogueira et al., 2005). Many of these genes are involved in signaling 

pathways by encoding proteins particularly mitogen activated protein kinase (MAPK), histidine 

kinase, Ca2+ dependent protein kinase (CDPK), SOS3 Ca2+ sensor family and also various 

transcription factors. Sequencing of entire plant genomes has revealed that transcription factors 

mostly belong to large gene families such as ethylene response factor (ERF), MYB (MYB-DNA 

binding domain), bZIP and WRKY (Jin et al., 2003; Singh et al., 2002). Some members of these 

families appear to coordinate plant developmental pathways, while others play a role in 

regulating defense response to biotic and abiotic stress (Jin et al., 2003; Robatzek and Somssich, 

2001; 2002). 

Several genes may be induced under the influence of these stresses. DNA repair genes 

are induced in response to DNA damage. Cellular gene expression machinery is affected by 

these stresses and possibly the molecules involved in nucleic acid metabolism, including helicase 

(Vashisht and Tuteja, 2006). Wild plants experience severe abiotic stresses such as heat, drought, 

cold and salinity, so they have developed unique adaptive mechanisms. In order to understand 

such mechanisms Shi et al. (2002) carried out a large scale screening of heat stress inducible 

genes from leaves of a semiarid plant Aneurolepidium chinenses, which grows vigorously under 

high temperature stress. Out of several cDNA clones, detected by using comparative analysis of 

gene expression, 21 clones revealed the homology to known proteins, while others had 

homology to either putative or unknown proteins.  

 

2.1.2 Mechanism of heat tolerance 

 

Plants have evolved various mechanisms for thriving under higher prevailing temperatures. They 

include short term avoidance/acclimation mechanism or long term evolutionary adaptations. In 

case of sudden heat stress, short term response i.e. leaf orientation, transpirational cooling and 

changes in membrane lipid composition are more important for survival (Radin et al., 1994; 

Wahid et al., 2007a). Smaller yield losses due to early maturation in summer shows possible 

involvement of an escape mechanism in heat stress tolerance (Adams et al., 2001).  

Unlike animals, behavioral responses of plants to stress are limited because of their 

solitary nature. Thus they have to depend strongly on cellular and other protective mechanisms. 
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Different tissues in plants show variations in terms of developmental complexity, exposure and 

responses towards the prevailing or applied stress types (Queitsch et al., 2000). The stress 

responsive mechanism is established by an initial stress signal that may be in the form of ionic 

and osmotic effect or changes in the membrane fluidity. This helps to reestablish homeostasis 

and to protect and repair damaged proteins and membranes (Vinocur and Altman, 2005). 

However, irreversible changes in cellular homeostasis may occur due to inadequate response 

during signaling and gene activation processes that result in the destruction of structural and 

functional proteins and membranes, ultimately leading to cell death (Vinocur and Altman, 2005; 

Bohnert et al., 2006). 

Plants lacking the ability to display rapid heat acclimation responses may be more prone 

to thermo-damage. Here acquired thermotolerance may have significant role. Since plants have 

to face temperature fluctuations during day/night cycle, the acquisition of thermotolerance 

reflects a more general mechanism that contributes to homeostasis of metabolism on a daily basis 

(Hong et al., 2003). Some major mechanisms, which make plants thermotolerant include ion 

transporters, free radical scavengers, late embryogenesis abundant (LEA) proteins, 

osmoprotectants and factors involved in signaling cascades and transpirational control (Wang 

and Luthe, 2003).  

Heat stress effects are of greater concern at various levels including plasmalemma, 

biochemical pathways operative in the cytosol or organelles (Sung et al., 2003). Studies revealed 

that first target of heat stress are the plasmalemma that shows increased fluidity of lipid bilayer 

(Wahid et al., 2007a). This leads to the induction of Ca2+ influx and reorganization of 

cytoskeleton and eventually the upregulation of calcium dependent protein kinase (CDPK) and 

MAPK. Nuclear signaling of such cascades shows the synthesis of cytosolutes and antioxidants. 

The cytosolutes help to maintain cellular water balance, while the antioxidants scavenge the ROS 

(Maestri et al., 2002). In wheat genotype, the thermotolerance was correlated with activities of 

CAT and SOD, higher ascorbic acid contents and less oxidative damage (Sairam et al., 2000). 
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2.1.3 Improving heat tolerance 

  

Accumulation of certain low molecular mass organic compounds, generally called compatible 

solutes or osmoprotectants, is a key adaptive mechanism in many plants grown under abiotic 

stress including extreme temperature (Hare et al., 1998; Sakamoto et al., 1998). A variety of 

osmolytes may accumulate in different plant species under stress. These include sugars and sugar 

alcohols (polyols), proline, tertiary and quaternary ammonium compounds and tertiary 

sulphonium compounds (Sairam and Tyagi, 2004).  

Among various osmolytes, the accumulation of soluble sugars, free proline and 

glycinebetaine (GB) has been more frequently explored in the regulation of osmotic activities 

and protecting cellular structures from abiotic stresses that produce osmotic strain on the cells 

(Matysik et al., 2002; Wang and Luthe, 2003: Bohnert et al., 2006; Wahid, 2007). 

Glycinebetaine is an amphoteric quaternary amine that plays an important role as osmoprotectant 

in plants under a range of abiotic stresses including high temperature (Sakamato and Murata, 

2002). However, the ability of plants to synthesize GB under stress conditions varies from 

species to species (Ashraf and Foolad, 2007). High accumulation of GB has been reported in 

sugarcane under heat stress (Wahid and Close, 2007) and in maize under drought (Quan et al., 

2004), Plant species such as rice (Oryza sativa), Arabidopsis, mustard (Brassica spp.) and 

tobacco (Nicotiana tabacum) do not produce GB naturally under stress conditions. Successful 

attempts have been made to introduced GB-biosynthesis pathways by genetic engineering in GB-

deficient species (Sakamoto and Murata, 2002; Quan et al., 2004). 

Like GB, there is a wide occurrence of proline in higher plants and it usually accumulates 

in large quantities in response to abiotic stresses (Kavi Kishore et al., 2005). It is suggested that 

GB or proline synthesis may buffer cellular redox potential under heat and other abiotic stresses. 

This suggests the functional significance of compatible osmolytes accumulation (Rontein et al., 

2002). Similarly the accumulation of soluble sugars under heat stress in sugarcane shows great 

implication for heat tolerance (Wahid and Close, 2007). In view of the importance of 

osmoprotectants accumulation, more concerted efforts on engineering pathways for enhanced 

biosynthesis of osmolytes can be fruitful (Ashraf and Foolad, 2007). 
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2.1.4 Heat Tolerance in Sugarcane  

 

Sugarcane is an important cash crop throughout the world. It is a C4 plant that is grown in 

tropical as well as sub-tropical areas of the world. The optimum temperature suggested for 

sugarcane is 32-33oC (Wahid, 2004), above which it suffers substantial yield reduction despite 

its origin from tropics (Ebrahim et al., 1998a, b; Robertson et al., 1998). The symptoms shown 

by sugarcane under heat stress include shorter internodes, higher moisture content (Bonnett et 

al., 2006), early drying of leaves, increased tillering but reduced total biomass (Ebrahim et al., 

1998b). Canopy temperature is one of the important factors in the growth and production of new 

leaves in sugarcane (Robertson et al., 1998). 

Sugarcane growth and yield is suppressed by the changes in the physiological and 

biochemical phenomena due to high temperature stress. High temperature reduces the hill 

reaction, chlorophyll fluorescence and electron transport at PS II (Ebrahim et al., 1998a). Heat 

stress affects leaf water potential despite non-limiting water supply and optimum relative 

humidity of air (Wahid and Close, 2007). Sugarcane shows the synthesis of primary and 

secondary metabolites as a strategy of heat tolerance. Among primary metabolites free proline, 

GB and soluble sugars while secondary metabolites including carotenoids, soluble phenolics and 

anthocyanins show close association to heat resistance (Wahid, 2007; Wahid and Close, 2007). 

It is evident from the above discussion that sugarcane needs to be extensively studied for stress 

tolerance. This study can be of importance if we also focus on the ameliorative responses of 

osmoprotectants (Proline and GB) to abiotic stresses. 

 

2.2 PLANT RESPONSES TO COLD STRESS 

 

Low temperature or cold stress is one of the common stress conditions affecting growth and 

yield of crops. Both chilling and freezing stress collectively are referred to as cold stress. Cold 

stress limits the geographical distribution and growing seasons of many plant species (Guy, 

1990). Chilling stress results from temperatures cool enough to produce injury without ice 

formation in plant tissues whereas in freezing stress ice formation takes place in plant tissues. 

The plant responses to cold stress in terms of cellular and biochemical changes have been 

intensively investigated (Thomashow, 1999; Hasegawa et al., 2000). 
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Chilling stress usually occurs at temperature between 0oC to 10oC but few tropical 

species such as rice and sugarcane are exceptionally sensitive to chilling and show injury signs 

up to 15oC (Thomashow, 1999). Chilling sensitive plants show the physical transition of cell 

membrane from a flexible liquid-crystalline to a solid gel phase thereby affecting the cellular 

function in a number of ways. The instantaneous effect is increased membrane permeability and 

ion leakage (Farooq et al., 2009). As a consequence of abnormal metabolism, accumulation of 

toxic metabolites and active oxygen species (AOS) takes place in the injured cells. Chilling 

injury is a serious problem during germination and early seedling growth in many plant species 

like maize and rice (Bedi and Basra, 1993). There are various visual symptoms of chilling injury 

depending on the species, age of the plant, and the duration of exposure. Young rice seedlings 

show signs of wilting, reduced leaf expansion and chlorosis (Yoshida et al., 1996). In extreme 

cases, chilling results in accelerated senescence and eventually to plant death (Sharma et al., 

2005). The reproductive development is especially sensitive to chilling temperatures in some 

plants. If rice plants are exposed to chilling stress at the time of anthesis (floral opening), it 

results in sterile flowers (Satake, 1976). 

Contrary to chilling, freezing stress occurs when temperatures decline below 0oC 

resulting in ice nucleation (Wisniewski et al., 1997). Although many temperate plant species 

have the ability to survive temperatures below 0°C, freezing temperatures pose a major threat to 

plant survival and growth for many reasons. Studies show that the cellular membranes are the 

primary site of freezing injury in plants (Webb et al., 1994; Steponkus et al., 1998; Thomashow, 

2001). It is well known that such membrane damage results primarily from severe dehydration 

linked with freezing (Pearce, 2001). As temperatures drop below 0°C, the ice nucleation 

generally begins in the intracellular spaces. Presence of solutes leads to a higher freezing point 

for the intracellular fluid (Thomashow, 1999). The chemical potential of ice is less than that of 

liquid water, therefore the formation of ice results in a decrease in the water potential outside the 

cell. Consequently, the unfrozen water moves from a higher potential in the cell to a lower 

potential in the intracellular space. This water movement causes the severe cellular dehydration 

during freezing (Yelenosky and Guy, 1989).  

On the basis of ability of plants to survive cold stress, they are categorized as tolerant and 

susceptible. Among susceptible ones are those growing in tropical and sub tropical regions 

whereas tolerant ones mostly grow in temperate regions having the ability to survive at -30oC. 
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This survival is achieved with cold acclimation, wherein plants adjust their metabolism to cold 

(Thomashow, 1999). The quality and productivity of cold sensitive plants including 

economically important crops such as maize, rice, tomato, sugarcane, soybean and cotton etc. are 

adversely affected by low temperature stress episodes.  

 

2.2.1 Cold responses of plants 

 

Plants show a number of responses to the prevailing low temperature stress, which may 

be different in different species. Nevertheless, these responses at whole plant, organ, 

tissue, cellular and sub-cellular levels, are discussed below. 

 

a. Whole plant responses 

There is a particular range of temperatures for each organism that is optimal for its growth 

process, above or below this range, growth may be diminished. The effect of cold stress depends 

on the time of exposure and degree of severity. Seedlings have been regarded as more chilling 

sensitive than young and mature plants (Solanke and Sharma, 2008). Visible chilling symptoms 

on plants include surface lesions; water soaked appearance, desiccation, discoloration, tissue 

breakdown, accelerated senescence, shortened shelf life and faster decay due to leakage of plant 

metabolites (Sharma et al., 2005; Solanke and Sharma, 2008). Under mild cold stress (e.g. 15oC), 

plants reduce root branching and growth (Cutforth et al., 1986; Stamp et al., 1997). Furthermore, 

root length is more influenced by cold stress as well as its dry weight (Kaspar and Bland, 1992). 

These changes limit the roots capacity for water and mineral uptake including phosphorous 

(MacKay and Barber, 1984), potassium (Steffens, 1986) and nitrogen (Pan et al., 1984) and 

ultimately the overall plant growth (Blum, 1988). The success or failure of a seedling in the field 

is strongly related to the development of its root system under cold stress (Enns et al., 2006).  

Chilling-sensitive plants exposed to low temperatures usually show water-stress 

symptoms due to decreased root hydraulic conductance and leaf water and turgor potentials 

(Fennell and Markhart, 1998; Aroca et al., 2003). In studies where shoots and roots are chilled, 

stomata remain open for up to 24–48 h after chilling despite low leaf water and turgor potentials. 

This loss of stomatal control of leaf transpiration not only decreases root hydraulic conductance 

but also further aggravates chilling-induced water deficit (Lee et al., 1993). Increased viscosity 
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of water partly accounted for an initial decrease in root hydraulic conductance during the first 

stages of chilling (Matzner and Comstock, 2001). However, further decreases in root hydraulic 

conductance due to prolonged exposure to chilling were unrelated to changes in water viscosity 

(Fennell and Markhart, 1998). 

 

b. Chilling and anatomical modification 

Morphological defense strategies such as thicker leaves resulting from thicker mesophyll, wax 

layers and a thicker cuticle were observed. Such leaves are associated with a low leaf area ratio 

(Verheul et al., 1996). The effects of low temperature on the anatomical structures have been 

studied for a long time. Chilling stress produces various ultrastructural modifications in plants, 

although the extent of such modifications is generally related to the severity of the cold 

temperatures and the length of exposure. Kratsch and Wise (2000) reported that development and 

ontogeny of the organelles may be disrupted by chilling stress. It is generally suggested that cold 

stress related changes involves a wide range of cell components and plastids, the chloroplasts, 

are extensively investigated under this particular stress (Kimball and Salisbury, 1973; Kratsch 

and Wise, 2000). Chilling stress results in swelling and disorganization of plastids and thylakoid 

lamellae, vesiculation of thylakoid, accumulation of lipid droplets and eventually the 

disorganization of the entire plastid (Taylor and Craig, 1971; Forde et al., 1975; Wise et al., 

1983; Ishikawa, 1996). Other cellular components also show substantial modification; important 

ones include swelling of mitochondria (Moline, 1976; Murphy and Wilson, 1981), reduction in 

ribosomal numbers, dilation of endoplasmic reticulum, vesiculation of cytoplasmic membranes, 

condensation of nuclear chromatin, invagination of plasmalemma and their increased number 

and vacuolation of membranous vesicles (Ilker et al., 1976; Niki et al., 1978; Murphy and 

Wilson, 1981; Ishikawa, 1996).  

Lee et al. (2002) while working on cucumber root found that chilling causes injury to the 

cortical cells of the exposed roots in about 15 minutes after exposure, whereas with long term 

exposure most parts of the cortex is affected. They further observed increased density of 

cytoplasm and distention of endoplasmic reticulum as initial symptom of chilling injury. Such 

rapid and severe ultrastructural changes in mitochondria propose that oxidative stress might also 

be a cause of such rapid response in cucumber roots. 
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c. Physiological responses  

With a decline in temperature, the metabolic activity of an organism is concomitantly reduced 

leading to an altered metabolic flux. In some cases, the cell produces more enzymes to maintain 

adequate activity (Holaday et al., 1992; Guy et al., 1992; Hurry et al., 1994), while in other cases 

new isozymes are synthesized with enhanced catalytic functions at low temperature (Guy and 

Carter, 1984; Guy, 1990). 

Membranes are believed to be a primary site for cold perception. Low temperature stress 

decreases the membrane fluidity mainly due to fatty acid unsaturation in membrane lipids and 

also due to changed composition and ratios of lipid to protein in the cellular membranes (Wang 

and Li, 2006b). Chilling stress also causes dehydration, mainly due to reduction in water uptake 

by roots and a hindrance to closure of stomata. Freezing stress also results in membrane damage 

that is caused by severe cellular dehydration, usually associated with ice formation, which 

accumulates in the intracellular spaces and causes physical disruption of cells and tissues. It also 

results in protein denaturation and precipitation of solutes (Uemura et al., 1995; Salinas, 2002). 

Like many other abiotic stresses, cold stress leads to the production of ROS including 

superoxide, hydrogen peroxide and hydroxyl radical (Hasegawa et al., 2000; Kratsch and Wise 

2000; Xing and Rajashekar, 2001; Guo et al., 2006). Growth at low temperatures may increase 

the concentration of ROS, causing damage to membrane lipids, proteins and nucleic acids, 

leading to death of cells (Apel and Hirt, 2004). Reduced cellular respiration (Lee et al., 1997) 

and ROS damage the photosystem II (Prasad et al., 1994; Suzuki and Mittler, 2006; Kratsch and 

Wise, 2000). These ROS are either the signals for ROS scavenging and other protective 

mechanisms contributing to reduction in stress injury in plants (Prasad et al., 1994), such as 

signal for ABA in mediating catalase 1 (CAT1) gene expression (Guan et al., 2000), 

thermotolerance (Gong et al., 1998), activating Ca2+ channels in guard cells (Pei et al., 2000), 

stomatal closure (Pei et al., 2000; Zhang et al., 2001) as well as for ABA biosynthesis (Zhao et 

al., 2001). Studies show that ROS contribute to stress resistance as shown by the enhanced 

environmental stresses tolerance by transgens over-expressing ROS scavengers or mutants with 

higher ROS scavenging ability (Bohnert and Sheveleva, 1998).  

Plants have developed effective oxygen-scavenging systems consisting of several 

antioxidant enzymes, such as SOD, APX, GR and CAT and non-enzymatic antioxidants, such as 

ascorbic acid and reduced glutathione. These antioxidants protect membranes from the 
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deleterious effect of ROS. Activities of antioxidant enzymes are affected by chilling. For 

instance, the ability of maize seedlings to survive chilling-induced oxidative stress depends on its 

capacity to increase synthesis and activity of various antioxidant enzymes during acclimation 

process (Prasad, 1997). The ability of a plant to adjust its antioxidant system and change ROS 

concentrations may be vital to all species under stressful conditions (Kocsy et al., 2001). It has 

been shown that chilling tolerant cultivars (e.g. Paspalum dilatatum) have higher activates of 

antioxidant enzymes than susceptible ones e.g. in rice and maize (Anderson et al., 1994; Cavaco 

et al., 2003; Guo et al., 2005). During cold- acclimation, ROS scavenging enzyme systems are 

activated, which helps to detoxify ROS and increase tolerance to cold stress (Apel and Hirt, 

2004; Gadjev et al., 2006).  

 Secondary metabolites are generated from the shikimate, acetate-malonate, and acetate-

mevalonate pathways from the intermediates of primary carbon metabolism. Classes of these 

compounds include terpenoids (e.g. saponins, carotenoids, and steroids), phenolics (e.g. 

flavonoids, tannins, quinines, salicylates, and lignins), alkaloids etc. (Hadacek, 2002). Although 

considered wasteful products in early research, these compounds are now known to serve many 

roles in plant tolerance to biotic and abiotic stresses (Hadacek, 2002). Salicylic acid (SA) is an 

important stress signaling molecule involved for chilling tolerance in a number of plant species 

(Wang and Li, 2006a). Janda et al. (1999) and Farooq et al. (2008) have reported that exogenous 

application of SA improves chilling tolerance in hybrid maize.  

Metabolic profiling studies have shown that cold acclimation is an effective tool since it 

increases the levels of about 75% of 434 metabolites in Arabidopsis (Cook et al., 2004, Kaplan 

et al., 2004). In addition to their roles as osmoprotectants, certain metabolites induced during 

cold acclimation might also act as signals for modulating gene expression patterns. For example, 

cold stress induces the accumulation of proline in free form. Microarray and RNA gel blot 

analyses have shown that proline induces the expression of many genes, which have the proline-

responsive element (PRE, ACTCAT) in their promoters (Satoh et al., 2002; Oono et al., 2003a). 
 

d. Molecular responses 

Low temperatures restrain the expression of the full genetic potential of plants owing to its direct 

inhibition of metabolic reactions and, indirectly, through cold induced osmotic (chilling-induced 

inhibition of water uptake and freezing-induced cellular dehydration), oxidative and other 
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stresses (Chinnusamy et al., 2007). Using a pharmacological approach, plasma membrane 

rigidification has been shown to induce cold responsive (COR) genes and result in cold 

acclimation in alfalfa and oilseed (Orvar et al., 2000; Sangwan et al., 2001). The Arabidopsis 

fad2 mutant defective in oleate desaturase exhibited membrane rigidification and activation of 

diacylglycerol kinase at 18oC as compared with the wild type at 14oC and transgenic Arabidopsis 

overexpressing linoleate desaturase at 12oC (Vaultier et al., 2006). These findings support the 

idea that plant cells can sense cold stress through its membrane rigidification effect (Williams et 

al., 2005). Cold-induced Ca2+ increase in the cytosol can also be mediated through membrane 

rigidification. Subsequently Ca2+ signals amplification and phospholipid signaling might trigger 

cold-stress signaling (Vergnolle et al., 2005; Chinnusamy et al., 2006; Komatsu et al., 2007).  

Research studies over the past few years show that cold acclimation temperatures induce 

positive changes in the plant transcriptome. Significant progress has been made in the past 

decade in exploring the transcriptional networks regulating cold acclimation. Cold stress induces 

the expression of APETALA2/ETHYLENE RESPONSE FACTOR family transcription factors, C-

repeat binding factors, also known as dehydration-responsive element-binding protein 1s or 

DREB1s (CBFs), which bind to cis-elements in the promoters of COR genes and upregulate 

them. Transgenic expression of Arabidopsis CBFs in different plant species was able to enhance 

chilling/freezing tolerance in an ectopic manner (Chinnusamy et al., 2006; Yamaguchi-Shinozaki 

and Shinozaki, 2006). CBFs regulate the expression of genes involved in a wide variety of 

physiological phenomena e.g., phosphoinositide metabolism, transcription, ROS detoxification, 

hormone metabolism, signaling and many others with known or anticipated protective functions 

(Lee et al., 2005; Fowler and Thomashow, 2002; Maruyama et al., 2004).  

Microarray analysis of transgenic Arabidopsis plants ectopically expressing CBFs 

revealed constitutive induction of downstream cold-responsive transcription factor genes 

(RAP2.1 and RAP2.7), which possibly control subregulons of the CBF regulon (Fowler and 

Thomashow, 2002). This suggested that CBFs play a crucial role in gene regulation during cold 

acclimation in genetically diverse plants. Among various CBFs, constitutive over-expression of 

ICE1 enhanced the expression of CBF3, CBF2 and COR genes during cold acclimation, and 

increased freezing tolerance of transgenic Arabidopsis. ICE1 is constitutively expressed and 

nucleus localized, but causes CBFs expression only under cold stress, suggesting that cold stress-
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induced post-translational modification is necessary for ICE1 to activate downstream genes in 

plants (Chinnusamy et al., 2003, 2007).  

2.2.2 Mechanism of cold tolerance 

 

Chilling tolerance refers to the plants strategies to cope with low temperatures stress. Plant have 

developed a number of mechanisms in order to avoid low temperature injuries. These 

mechanisms enable the plants to thrive during and after chilling stress, and keep growing under 

moderately low temperature stress (Stamp, 1984). Means to increase cold tolerance early during 

seedling stage is important to increase cold tolerance later on (Verheul et al., 1996). Like other 

abiotic stresses, exposure to increasingly low temperature results in a range of morphological and 

biochemical changes in growing plants.  

Most temperate plants while growing in the low temperature condition can acquire cold 

tolerance upon prior exposure to low but sublethal temperature . However, tropical or chilling-

sensitive plant species are incapable of cold-acclimation and they can not tolerate ice. The 

temperature threshold for chilling damage can be lowered even in some chilling-sensitive crop 

species by prior pretreatment at suboptimal low temperatures (Anderson et al., 1994; Sthapit and 

Witcombe, 1998), a process called chilling-acclimation. A major role of cold-acclimation is to 

stabilize membranes against freezing injury (Webb et al., 1994; Uemura et al., 1995). Many 

plants have also been found to possess antifreeze proteins, which accumulate and stabilize 

membranes at freezing temperatures (Yeh et al., 2000). 

The chilling tolerance is a complex phenomenon, and involves a number of physiological 

and biochemical processes at whole plant, organ, cell and subcellular levels. These processes are 

reduced water loss by stomatal resistance, enhanced water uptake with the development of 

prolific root systems, and synthesis and accumulation of osmolytes. Amongst endogenous plant 

hormones, roles of SA and ABA have been implicated in chilling stress tolerance. Of these, ABA 

has a more direct role in cellular desiccation caused by freezing stress and control of gene 

expression during cold acclimation (Lee et al., 1993, Anderson et al., 1994, Prasad et al., 1994; 

Aroca et al., 2003). ROS dousing by enzymatic and non-enzymatic systems, cell membrane 

stability, synthesis of functional aquaporins and stress proteins are vital mechanisms of cold 

tolerance (Bohnert and Sheveleva, 1998). 
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2.2.3 Induction of cold tolerance 

 

For effective use of glycinebetaine (GB), proline and other compatible solutes as inducers of 

chilling tolerance, their mechanisms of action, optimal concentrations and appropriate plant 

developmental stages is important to be carefully optimized. Plants exposed to environmental 

stresses overproduce different types of compatible organic solutes (Sakamoto and Murata, 2002; 

Serraj and Sinclair, 2002). Generally, they protect the plants from stress through different 

courses e.g., contribution to cellular osmotic adjustment, detoxification of ROS, protection of 

membrane integrity, and stabilisation of enzymes/proteins (Bohnert and Jensen, 1996; 

Verbruggen and Hermans, 2008).  

Glycinebetaine, a compatible QAC that has osmoprotective function, plays an important 

role in inducing freezing tolerance during cold acclimation. It has been suggested that GB can 

help in stabilising both the quaternary structures of proteins (Gorham, 1995) or even can reverse 

the disrupted tertiary structure of proteins with non-compatible solutes (Bateman et al., 1992). 

Such roles of GB appear to stem from its compatibility with macromolecular structure and 

function. Like GB, proline also acts as a mediator of osmotic adjustment, as stabiliser of proteins 

and membranes by working as a molecular shaperone (Arakawa and Timasheff, 1983; Rudolph 

et al., 1986), an inducer of osmotic stress-related genes and as scavenger of ROS (Smirnoff and 

Cumbes, 1989; Saradhi et al., 1995) Most chilling-sensitive plants, which also accumulated free 

proline during chilling stress, did not acquire improved cold tolerance (Chu et al., 1978). Free 

proline accumulation may have potential for alleviating chilling injury in chilling-sensitive 

plants. Unlike other abiotic stresses, studies on the management of crops for chilling tolerance 

are relatively scarce. However, exogenous application of GB and proline (Ashraf and Foolad, 

2007) and hormones (Basra et al., 2006) are well documented. 

 

2.2.4 Cold Tolerance in Sugarcane 

 

Sugarcane is a tropical crop plant and requires relatively higher temperatures for growth. It is 

thus sensitive to cold stress and suffers great losses in growth and productivity (Wahid et al., 

2009b). Sugarcane can survive minimum temperatures above zero, but growth is reduced at 20oC 

and tissue injury occurs below 15oC (Lyons, 1973). Various physiological and developmental 
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processes of sugarcane have their own optimum range of temperature for optimum growth and 

yield. Cold stress may also delay and suppress crop development in the spring, resulting in 

shorter growth season, poor crop stands and reducing yield (Moore, 1987; Chowdhary et al., 

1998). Sugarcane requires resistance to freeze stress for different tissues at various 

developmental stages. Sugarcane leaves should be resistant to frost damage in order to prolong 

the growth and harvest season while resistance of lateral nodal buds is also very important in 

order to assure good germination of the bud chips or setts (Wahid et al., 2009b).  

Artificial freezing tests have been used to evaluate leaf freeze tolerance of adult plants 

(Irvine, 1978), progeny of crosses (Irvine, 1968, Cesnik et al., 1978), cloned seedlings (Breaux 

and Irvine, 1976), parental clone selections (Irvine, 1978) and as a tool to preselect seedlings 

(Cesnik et al., 1978; Breaux and Irvine, 1976). These tests showed good agreement with field 

observations particularly when hardening was avoided by acclimation with low light (Irvine, 

1968; Moore, 1987). Kanwar and Kaur (1978) described tillering ability of a clone as a success 

against freezing stress and also showed a 78% decrease in shoot population and 87% decrease in 

underground buds that were not protected from freezing. Freezing temperatures may terminate or 

even reverse the sucrose accumulation in sub-tropical regions during early winter season. This 

appears to be a major cause of penalty on the economic yield of sugarcane (Moore, 1987). 

 

2.3 SALINITY STRESS 
 

Salinity is perhaps the most important environmental constraint that causes substantial crop yield 

losses throughout the globe, and its menace is increasing day by day (Schwabe et al., 2006). 

Increasing salinity reduces the average yield of major crops by more than 50% (Bray et al., 

2000), and these losses are of great concern to the countries like Pakistan, whose economies are 

mainly agriculture- based. Soil contains soluble salts of multifarious nature. When the 

concentrations of these salts increase particularly in the upper layers of soil due to soil and 

environmental conditions, the soil salinity becomes a severe threat causing degradation of the 

land (Wiebe et al., 2005). The salinity has now become a very serious problem for crop 

production although it existed long before the human beings started agricultural practices 

(Rengasamy, 2006). In arid and semi-arid regions, which constitute about one third of the 
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world’s land surface, salinity is becoming a major issue for plant growth and development 

(Archibold, 1995).  

There are two main sources of salinization of soils; primary and secondary salinization. 

Primary salinization, also called natural, results from weathering of minerals and soil derived 

from saline parent rocks (Sposito, 1989; Pessarakli and Szabolcs, 1999), whereas secondary 

salinization is caused by human interference such as irrigation, deforestation, overgrazing, or 

intensive cropping (Sposito, 1989; Ashraf, 1994). Of the two, primary salinity is more 

widespread than secondary salinity (Rengasamy, 2002, 2006). About 800 million hectares of 

land throughout the world are salt-affected, either by salinity (397 million ha) or the associated 

condition of sodicity (434 million ha) (FAO, 2005). In Pakistan, the salt affected area is about 

6.61 million hectares (Khan, 1998; Anonymous, 2003-2004), which is increasing day-by-day due 

to a number of edaphic and climatic factors. Like other arid and semi-arid countries of the 

regions, Pakistan is worst hit by soil salinity. It is estimated that about 38% of total irrigated land 

in Pakistan is waterlogged and 14% saline (Economic Survey, 2008).  

Salinity poses many adverse effects on plant growth and development at physiological level 

(Munns, 2002; Munns and James, 2003), and molecular level (Tester and Davenport, 2003; Flowers, 

2004; Vinocur and Altman, 2005). These adverse effects are due to: i) low osmotic potential of soil 

solution, ii) inhibition in cell expansion and reduced biomass production (Ashraf and Mahmood, 

1990), iii) inhibition of enzymatic activities (Ashraf and Tufail., 1995), iv) ionic imbalance (Kidambi, 

1990), v) alterations in different metabolic activities of plants (Ashraf and O’ Leary, 1996; Lawlor and 

Cornic, 2002), vi) disturbances in solute accumulation (Khan et al., 1999), and vii) specific ion effects 

or combination of these factors (Marschner, 1995; Ashraf and Harris, 2004; Wahid, 2004; Wang and 

Li, 2006a). Plants are classified as glycophytes or halophytes according to their tendency to grow at 

higher salt concentrations. Most crop plants are glycophytes and cannot tolerate salt-stress. Soil 

salinity poses many adverse effects on plants that can be observed as wilted foliage and necrosis of 

tips, margins and lamina of leaves (Munns, 2002). Acutely impaired nutrient uptake, due to injured 

root system, will result in many nutrient deficiency symptoms (Nelson, 1991; Wahome et al., 2000). 

Overall, salinity reduces growth rate and causes poor and spotty growth of crops, uneven or stunted 

growth and poor yields (Abrol et al., 1988). An overview of various effects of salinity and how plants 

overcome its effects has been reviewed below: 
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2.3.1 Plant responses to salinity stress 

 

Salinity has affected about 10% of arable land and it causes reduction in crop yields which 

sometimes exceeds from 50% (Bray et al., 2000). Salinity reduces the growth rate, causes 

uneven and stunted growth, thereby resulting in poor crop yields (Abrol et al., 1988). Salinity 

shows adverse effects on crop plants but they vary species to species however the extent of these 

adverse effects depends on type and duration of salinity and also upon sensitivity of the crop at 

different growth stages (Shannon et al., 1994).  

 

a. Whole plant responses 

The general response of crop plants to salinity is the reduction in growth (Romero-Aranda et al., 

2001; Ghoulam et al., 2002). Such growth reductions have been reported in tomato (Romero-

Aranda et al., 2001), cotton (Meloni et al., 2003) and sugarbeet (Ghoulam et al., 2002). 

However, differences are present among different species and cultivars for salinity stress 

tolerance. Salinity affects the plant growth at various developmental stages including 

germination and emergence of embryonic tissues (Shannon et al., 1994), vegetative and 

reproductive growth stages (Abrol et al., 1988). Time course studies show that salinity influences 

relative growth, net assimilation capacity, leaf expansion rate in sunflower (Rawson and Munns, 

1984) and leaf area index in wheat (Zheng et al., 2008). Studies show that sugarcane lines 

capable of producing stronger and ramified root systems showed relatively better salt tolerance 

than the sensitive one (Wahid et al., 1997a, b).  

Fetching economic yield is the ultimate purpose of growing plants and salinity has 

greatly affects this attribute. It effects the growth of flag leaf or leaves proximal to the flower or 

fruits, partitioning of assimilate and final fruit growth (Wahid and Rasul, 2005; Misra et al., 

1995). Reduced production of pollens, pollination and seed setting and better growth of 

reproductive plant parts such as spike length (Zheng et al., 2008) are the other important effects 

of salinity that influence the final yield (Ashraf et al., 2002; Schwabe et al., 2006; Ashraf and 

Foolad, 2007). This shows that salt tolerance is a cost intensive phenomenon. Thus plant 

selection for better reproductive growth and high yield under saline conditions is preferred. 
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b. Salinity and anatomical modifications 

Plants undergo various anatomical modifications in response to salinity. Liu et al. (2009) 

observed in the leaf of salinity grown Bruguiera gymnorrhiza seedlings, thickness of upper and 

lower cuticle and epidermis increased, whereas thickness of upper and lower endodermis as well 

as of palisade tissue decreased. In cotton seedlings salinity stress increased the width of cortex 

and pith of radical, width of cortex in the hypocotyl and number and diameter of gossypol 

glands, but decreased xylem size (Casenave et al., 1999). Similarly, Cui et al. (2002) observed 

the effect of salinity on citrus seedlings and found that accumulation of Na+ and Cl- was greater 

in leaves than roots. Furthermore, chloride accumulation was believed to be responsible for 

various disarrangement in the anatomy of the root particularly vacuolation in cortex and 

abscission of root cap cells. 

Longstreth and Nobel (1979) reported that in salinity grown bean, cotton and atriplex 

increased the epidermal and mesophyll thickness, palisade cells length and palisade and spongy 

cell diameter in leaves. However, some reports showed reduction in epidermal and mesophyll 

thickness and in intercellular spaces in NaCl treated leaves of a mangrove (Parida et al., 2004). 

Salinity stress causes reduction in leaf area and stomatal density in tomato (Romero-Aranda et 

al., 2001) and reduction in chloroplast number, rounding of cells and smaller intercellular spaces 

in potato leaves (Bruns and Hecht-Buchholz, 1990). In Kenaf Salinity reduced the leaf area due 

to smaller epidermal cell size, their number also reduced significantly but stomatal density 

showed an increase with increased salinity (Curtis and Lauchli, 1987). Intercellular spaces are 

also reduced in leaves in response to salinity in spinach (Delphine et al., 1998). At ultrastructural 

level, the main effects of salt stress on sweet potato were development of vacuoles, partial 

swelling of endoplasmic reticulum, decrease in mitochondrial cristea, swelling of mitochondria, 

vesiculation and fragmentation of tonoplast and degradation of cytoplasm in leaves of sweet 

potato (Mitsuya et al., 2000).   

 

c. Physiological responses 

Increased salinity has multifarious effects on the physiology of plants grown in the saline 

environments. These effects have been recognized due to major factors like osmotic stress, ion-

specificity, nutritional and hormonal imbalances and oxidative damage. Outcomes of these 

effects may cause disorganization of cellular membranes, inhibition of photosynthesis, 
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generation of toxic metabolites and reactive oxygen species (ROS) and declined nutrient 

absorption, which ultimately lead to plant death (Hasegawa et al., 2000; Ashraf, 2004; 

Chartzoulakis and Psarras, 2005; Flowers and Flowers, 2005). 

Plant growth is mainly dependent on photosynthesis, and environmental stresses affect 

this phenomenon to a great extent (Taiz and Zeiger, 2006). High salt concentrations decreased 

the net photosynthetic rate, stomatal conductance, pigment contents, Salinity induced inhibition 

in vegetative growth is related with marked inhibition of photosynthesis in different plant species 

(Dubey, 1997; Kao et al., 2003; Romero-Aranda et al., 2001; Fisarakis et al., 2001). Iyengar and 

Reddy (1996) suggested that reduction in photosynthetic rate due to salinity is assigned to the 

factors like dehydration of cell membranes, ion toxicity (particularly Na+ and Cl-), stomatal 

closure, reduction in CO2 fixation, changes in enzyme activities and reduced sink strength. 

Although salinity affects almost all the physiological and biochemical processes of 

plants, osmotic effect is a major contributor in growth reduction at initial phase of salinity. 

Accumulation of salts in rooting medium causes a reduction in soil water potential and make it 

hard for the plant to extract water from the soil solution (Munns, 2002). Salinity stress also 

causes removal of water from the cytoplasm into the extra-cellular spaces thereby reducing the 

cytosolic and vacuolar volume (Munns, 2002; Ashraf, 2004). Dehydration symptoms due to 

salinity were greater on the leaves of Cucumis sativus treated with 100 mM NaCl than those 

treated with 50 mM NaCl (Stepien and Klobus, 2005). Turgor potential plays a vital role in cell 

division and enlargement, and a reduction in it is a major cause of inhibited plant growth under 

salinity (Kurth et al., 1986; Cosgrove, 1993; Neumann, 1995). Cell expansion also depends on 

the absorption of water and ions to maintain requisite osmotic potential (Neumann, 1995; 1997). 

In a study on maize, after a few minutes of addition of inhibitory level of NaCl, plasticity of cell 

wall was reduced (Chazen and Neuman, 1994). A reduction in cell wall plasticity in growing 

regions of leaves had been reported due to nutrient deficiencies or increased level of ABA 

(Kutschera and Schopfer, 1986; Snir and Neumann, 1997).  

 Ion toxicity may accompany salinity although the effects of ion toxicity are different 

from salinity effects. Toxicity can occur due to the excessive uptake and accumulation of certain 

ionic species (e.g. Na+, Cl-, SO4
2+ and HCO3

-) from the irrigation water even when the salinity is 

low. However crop responses to specific ion toxicity vary at inter- or intraspecific levels. In 

Atriplex sp. and Halogeton glomeratus, the dry mass was less affected by Cl- toxicity than by 
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sulfate toxicity (White and Broadley, 2001). Leaf burning or drying of leaf tissues in soybean 

cultivars was a symptom of Cl- toxicity (Marschner, 1995). Higher Cl- accumulation in leaves of 

salt sensitive barley cultivars was due to longer exposure to salinity stress. In woody perennials, 

Na+ is retained in the roots and stem whilst Cl- accumulates in the shoots, and appears to be more 

damaging to the photosynthetic capacity of plants (Flowers and Yeo, 1988). However, for many 

crop plants the major ion for toxicity is Na+ (Tester and Davenport, 2003).  

Salinity also induces various nutritional disorders thereby adversely affecting the plant 

growth and yield. Salinity affects the nutrient availability, competing with uptake of nutrients 

and their transport and partitioning within the plants (Grattan and Grieve, 1999; Wahid et al., 

1999). Salinity influences the uptake of essential nutrients like K+, N, P and Ca2+ (Marschner, 

1995). For instance, due to higher amounts of Na+ in soil, Ca2+ activity in the external medium is 

reduced, thereby limiting its availability to maize (Cramer et al., 1994; Suarez and Grieve, 1988) 

and Celosia argentea (Carter et al., 2005). Excessive amounts of Na+ and Cl- also reduces the 

uptake of  K+, Ca2+ and Mn2+ in rice (Oryza Sativa) cells, thus causing ionic imbalance (Lutts et 

al., 1999). 

 

d. Salinity and oxidative stress 

Oxidative stress is caused due to salt-induced intracellular accumulation of reactive oxygen 

species (ROS). The ROS such as superoxide (O2-), hydrogen peroxide (H2O2), hydroxyl radical 

(OH-) and singlet oxygen (1O2) are produced during normal aerobic metabolism when O2 in the 

absence of other electron acceptors react with electrons that have leaked from the electron 

transport chains in mitochondria and chloroplasts (Smirnoff, 1993; 1998; Noctor and Foyer, 

1998; Mittler, 2002). The ROS severely impair plant survival by damaging cellular membranes, 

enzymes and DNA (Allen, 1995). Among the organelles, chloroplasts are the first target of ROS, 

where they are produced. ROS directly transfer excitation energy from chlorophyll to O2 or by 

univalent oxygen reduction at photosystem (PS)-I (Foyer et al., 1994; Allen, 1995). They reduce 

the plant’s ability to repair damaged PSII by inhibiting synthesis of D1 protein. Plants have non-

enzymatic antioxidant compounds (tocopherols and carotenoids) and antioxidative enzymes 

[superoxide dismutase (SOD), catalase (CAT), peroxidase (POD)] and others (Noctor and Foyer, 

1998; Smirnoff, 2005)]. Salinity affects the plant’s ability to biosynthesize the non-enzymatic 

antioxidants and reduces the activity of antioxidative enzymes (Mittova et al., 2002). In a 
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number of studies, plant salt tolerance was found to be is positively correlated with a more 

efficient oxidative system (Gossett et al., 1994, 1996; Noctor and Foyer, 1998; Mittova et al., 

2002; Bor et al., 2003). Substantive proofs to this argument came from the fact that a recessive 

deletion mutant of Arabidopsis showing higher activities of SOD and APX was salt tolerant 

compared with salt sensitive wild-type (Tsugane et al., 1999). In other studies, over-production 

of glutathione reductase (GSH) and APX improved oxidative stress and salt tolerance of wheat 

(Sairam et al., 1998). 

Secondary metabolites are synthesized in plants from the intermediates of primary carbon 

metabolism via phenylpropanoic acid, shikmic acid, mevalonic acid and methyl erythritol 

phosphate pathways (Dixon and Paiva, 1995; Taiz and Zeiger, 2006). Abiotic stresses stimulate 

production of various secondary metabolites i.e. phenolics, flavonoids and phenyl propanoids 

(Bharti and Khurana, 1997; Wahid and Ghazanfar, 2006). Polyols also accumulated as a 

response to salinity stress and were noted to enhance salinity tolerance (Bohnert and Shen, 1999; 

Nelson et al., 1999). Salinity stress increased the contents of polyamines such as putrescine (Put) 

and spermidine (Spd), which enhanced the salt tolerance of rice (Katiyer and Dubey, 1990). 

Salinity stress causes the accumulation of nitrogen containing compounds (NCC) include amino 

acids, amides, imino acids and quaternary ammonium compounds etc., whose accumulation was 

correlated with salt tolerance (Nguyen et al., 2003). Levels of soluble phenolics, anthocyanins 

and flavones increased under salt stress, which provided protection from ion induced oxidative 

damage by binding the ions and reducing toxicity on cytoplasmic structures in sugarcane (Wahid 

and Ghazanfar, 2006).  

 

e. Molecular responses 

Molecular and genomic approaches have also been successfully employed to understand the 

responses and salinity tolerance. Main responses include the physiology or metabolic adaptations 

to salt stress at the cellular level, these responses are amenable to molecular analysis and led to 

the identification of a large number of genes induced by salt (Ingram and Bartels, 1996; Bray, 

1997; Shinozaki et al., 1998). Some examples of genes/proteins induced by salt stress include 

Sal 1 Induced by salt stress in Arabidopsis (Quintero et al., 1996), Bnd 22, a 22 kDa protein, in 

Brassica napus (Reviron et al., 1992), salt associated 23 to 25 kDa protein in Citrus cinensis 

(Benhayyim et al., 1993), 26 and 27 kDa proteins (salt-induced polypeptides SIP S1–S4) 
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(Hurkman and Tanaka, 1988),  and hva1 (Hong et al., 1992) in Hordeum vulgare, TAS-12 and 

le-16 gene in Lycopersicom esculantum (Torres-Schumann et al., 1992; Plant et al., 1991), 26- 

and 43-kDa (Singh et al., 1985), 58-, 37-, 35.5-, 34-, 26-, 21-, 19.5-, and 18-kDa polypeptides 

(Singh et al., 1985), 30-kDa polypeptide heat shock at 38oC that induces cross tolerance to salt 

stress (Harrington and Alm, 1988), Vitronectin and fibronectin-like proteins found in membranes 

and cell wall of NaCl-adapted cells (Zhu et al., 1993), Osmotin 26-kDa protein (Singh et al., 

1987) in Nicotiana tabacum and RAB21 (Mundy et al., 1990), salT (Claes et al., 1990) and 

induced by ABA and salt stress (Bostock and Quatrano, 1992) in O. sativa. These genes can be 

classified in functional groups related to their physiologic or metabolic function predicted from 

sequence homology with known proteins. Salt tolerance, being a multigenic trait, involves a 

number of genes that can be grouped into different functional groups which are responsible for 

encoding salt-stress proteins. These include genes for photosynthetic enzymes, genes for 

synthesis of compatible solutes, genes for vacuolar-sequestering enzymes and genes for radical-

scavenging enzymes. Most of the genes in these functional groups have been recognized as salt 

inducible under stress conditions. However by a salt-hypersensitivity assay in Arabidopsis, 

additional genes have been detected which led to the identification of mutants involved in 

potassium uptake playing a critical role in salt sensitivity (Wu et al., 1996).  

The Arabidopsis sos (salt overly sensitive) mutants were identified by an inability to 

maintain root growth under high salinity. Genetic screening of these sos mutants revealed three 

genes associated with the salinity stress (Wu et al., 1996; Zhu, 2003). These sos mutants do not 

show altered responses to drought or osmotic stress suggesting that sos genes function 

specifically in coping with the ionic aspect of salt stress. The sos1 being involved in encoding a 

plasma membrane localized Na+/H+ antiporter (Shi et al., 2006), sos2 encodes a serine/threonine 

protein kinase with an amino terminal catalytic domain and a carboxy-terminal regulatory 

domain (Liu et al., 2000) and sos3 encodes a myristoylated calcium binding protein (Liu and 

Zhu, 1998; Ishitani et al., 2000), proposing that SOS3 senses cytosolic calcium changes that are 

elicited by salt stress (Liu and Zhu, 1998). These sos mutants have provided significant insights 

into components of signal transduction pathways that are likely to be involved in controlling 

plant responses to salinity (Tester and Davenport, 2003).  
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2.3.2 Mechanisms of salinity tolerance 

 

Plant salt tolerance is generally defined as the ability of a plant to grow and complete its life 

cycle on a substrate that contains elevated amounts of soluble salts (Shannon and Grieve, 1999). 

Plants are generally classified as glycophytes and halophytes depending on their sensitivity to 

salt stress (Flowers et al., 1977; Marschner, 1995; Epstein and Bloom, 2005). Halophytes can 

grow at 400 mM NaCl, whereas glycophytes are sensitive to even low concentrations of salt. 

Although salt tolerance varies among species and accessions (Ashraf, 2002), all plants in general 

use the same salt tolerance mechanism (Zhu, 2001). Environmental factors and plant 

developmental stages also play a major role in salt sensitivity (Marschner, 1995; Neumann, 

1995; Vicente et al., 2004).  

Salt affected soils contain high contents of HCO3
-, SO4

2-, Cl-, Na+, Ca2+ and Mg2+; 

however, Na+ and Cl- are more toxic. Important mechanisms of ion-regulation are the selective 

accumulation or exclusion of ion, control of ion uptake by roots and transportation to leaves, 

compartmentalization of ions at cellular and whole plant levels. Both halophytes and glycophytes 

are unable to tolerate high amounts of Na+ in the cytoplasm and therefore tend to restrict its 

excessive accumulation in the cytoplasm to protect metabolic activities. Glycophytes can use ion 

exclusion or ion inclusion for salt tolerance. However, these two mechanisms depend on the 

pattern of ion distribution between leaves and on ion compartmentation within the cell 

(Greenway and Munns, 1980; Wyn Jones, 1981; Ashraf, 1994; Munns, 2002). Wyn Jones et al. 

(1984) described a partial ion exclusion mechanism in Agropyron junceum that accumulates 

lower Na+ and Cl- and shows higher salt tolerance. These mechanisms can occur in all cells 

within the plant, or can occur in specific cell types, showing adaptations at the cellular or whole 

plant level (Tester and Davenport, 2003; Carden et al., 2003).  

In addition to ionic regulation at whole plant or tissue levels, plants show a number of 

physiological, biochemical and molecular mechanisms to cope with salt stress (Iyengar and 

Reddy, 1996). Osmotic adjustment is important in plants decreasing the cell water potential 

without an accompanying decrease in turgor potential. In other words, net increase in solute 

content per cell is independent of the volume changes that result from loss of water (Taiz and 

Zeiger, 2006). In doing so, plants have to take up inorganic nutrients and/or synthesize organic 

solutes in sufficient amounts for its metabolism to operate satisfactorily (Sacher and Staples, 



 

 33

1984). In plants ion-exclusion is the major strategy of salt tolerance. The synthesis of low 

molecular weight organic solutes must be increased to accomplish osmotic balance (Greenway 

and Munns, 1980; Ashraf, 2004). Although both organic and inorganic solutes play a crucial role 

in osmoregulation of plants under saline conditions, their relative contribution varies among 

species, varieties and even in different compartments within the same plant (Greenway and 

Munns, 1980; Ashraf and Bashir, 2003). The compatible osmolytes generally found in higher 

plants are low molecular weight sugars, organic acids, polyols, amino acids and NCCs including 

quaternary ammonium compounds (QACs). In addition, some low molecular weight water 

soluble proteins such as late embryogenesis-abundant proteins (LEA mainly dehydrins) also play 

role in plant salt tolerance. 

 

2.3.3 Improving salinity tolerance 

 

Salt tolerance in plants can be improved by various means. These include the production of 

plants with desired traits using wide-crossing, hybridization, and production of transgenic plants 

and exogenous application of osmoprotectants to produce stress tolerance (Zhu, 2001, 2003). 

These strategies are takes time except the exogenous (foliar and/or seed) application of various 

stress alleviating compounds, which provide desired results with a great success in a short span 

of time (Ashraf and Foolad, 2005; Wahid et al., 2007b). These compounds are mainly water 

soluble, low molecular weight and osmoprotectants in nature. Among the various 

osmoprotectants, the role of glycinebetaine and proline in inducing abiotic stress tolerance is 

relatively well studied. It is now evident that these osmoprotectants play an important role in 

protecting plant cells against environmental stresses by maintaining the osmotic balance, 

scavenging ROS, and stabilizing membranes and proteins (Yancey, 1994; Bohnert and Jensen, 

1996; Yang and Lu, 2005; Ashraf and Foolad, 2007; Raza et al., 2007).  

Glycinebetaine (GB), a QAC, occurs in substantial amounts in a wide variety of plants, 

animals and microorganisms (Rhodes and Hanson, 1993). It accumulates in chloroplasts, 

mitochondria and cytosol, where it plays a pivotal role in osmotic adaptation and protection of 

enzymes and membranes under high salinity condition (Papageorgiou and Murata, 1995). Like 

many other stresses, GB is also known to accumulate in a number of salinity treated plants 

including sugar beet, barley, spinach, wheat, sugarcane and sorghum (Rhodes and Hanson, 1993; 
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Yang et al., 2003; Wahid, 2004; Ashraf and Foolad, 2007). However, various plant species are 

not capable of producing GB under stressed or non-stressed conditions as for instance maize, 

tomato, rice, mustard, Arabidopsis, and tobacco (Rhodes and Hanson, 1993; Agboma et al., 

1997; Makela et al., 1998). Thus either exogenous application of GB or introduction of the GB-

biosynthetic pathway into non-accumulator plants may increase their tolerance to abiotic stresses 

(Sakamoto and Murata, 2000, 2001; Ashraf and Foolad, 2007). 

Quite a few studies have shown that exogenous application of GB either as foliar spray or 

seed priming has proved worthwhile. When foliar applied or applied via growth medium, GB 

rapidly penetrates and is quickly translocated from leaves to other plant organs through vascular 

tissues (Makela et al., 1998; Park et al., 2004, 2006). The accumulated GB remains intact within 

the plant for three weeks or even more (Bray et al., 2000). However, environmental conditions 

affect the uptake and translocation rates of foliar applied GB (Makela et al., 1998). Exogenously 

applied GB increased the salt-tolerance by improving leaf water status and net photosynthesis 

capacity in tomato (Makela et al., 1999), rice seedlings (Cha-um et al., 2006), kidney beans 

(Lopez et al., 2002), maize (Yang and Lu, 2005; 2006; Nawaz and Ashraf, 2007) and wheat 

(Raza et al., 2006, 2007).  

Proline is an iminoacid and acts as another important compatible solute. It accumulates in 

free form in most plant species in response to various abiotic stresses including salinity (Rhodes 

et al., 1999; Wahid, 2004; Kavi Kishore et al., 2005; Ashraf and Foolad, 2007). The quantity of 

free proline accumulated in plants under stressful conditions depends on the type of species and 

the extent of any stress (Kavi Kishore et al., 2005). Free proline accumulation during stress plays 

a role in osmotic adjustment, stabiliztion of sub-cellular structures, membranes and proteins of 

organelles, scavenging of free radicals, buffering the cellular redox potential (Leigh et al., 1981; 

Wahid, 2007; Ashraf and Foolad, 2007) and induction of salt stress responsive genes (Oono et 

al., 2003a, b; Chinnusamy et al., 2005). Transgenic tobacco plants over-expressing pyrroline-5-

carboxylate synthetase (P5CS), a major enzyme in proline biosynthesis, accumulated high levels 

of proline and exhibited salt and drought tolerance (Kishor et al., 1995). Such plants have also 

been shown to improve salt tolerance by reducing free radicals (Hong et al., 2000). Salt-tolerant 

alfalfa plant showed a substantial free proline accumulation in the roots under salt stress, while 

such response was not found in salt-sensitive plants (Petrusa and Winicov, 1997).  
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Although free proline accumulation in plants under salt stress is universal, some plants do 

not accumulate it in sufficient amounts to protect from stress-induced damages (Gorham et al., 

1981; Handa et al., 1986). Thus, exogenous application of proline is an alternative way to 

enhance the cellular level of proline in order to alleviate the damaging effects of salinity (Okuma 

et al., 2000; Ashraf and Foolad, 2007). Studies show that exogenously applied proline provided 

osmoprotection and improved the growth of various plant species under saline conditions 

(Csonka and Hanson, 1991; Yancey, 1994). Such growth sustenance is due to improving 

metabolism (Alia et al., 1991; Rana and Rana, 1996), and reduced peroxidation of membrane 

lipids under stress (Okuma et al., 2004; Yazici et al., 2007). Exogenously applied proline can 

reduce the amount of malondialdehyde (MDA) in salt stressed cells (Okuma et al., 2004). Roy et 

al. (1993) reported that foliar application of proline at lower, not at higher concentrations, 

reduced salt stress effects at early seedling growth.  

Relatively recent studies show that that proline protects the cells from oxidative stress, 

another effect of salt stress (Mansour, 1998; Okuma et al., 2000; Hoque 2007; Banu et al., 2009). 

For instance, application of proline to cultured soybean cell in saline medium increased the 

activities of SOD and POD, which increased salt tolerance in these cells (Yan et al., 2000; Hua 

and Guo, 2002). Exogenous application of proline also reduced Na+ and Cl- accumulation in 

barley embryos cultured in saline conditions (Lone et al., 1987). Contrary to the above, some 

studies witness the adverse effects of exogenously applied proline. In rice, for example, foliar 

applied proline did not reduce Na+ or Cl- contents of  rice leaves (Krishnamurthy and Bhagwat, 

1993), while adversely affecting the growth of tomato plants under normal or saline conditions 

(Heuer, 2003). Likewise, foliar application of proline damaged chloroplasts and mitochondria of 

Arabidopsis leaves (Hare et al., 2002). The growth promotive role of proline is linked to the doze 

and prevailing condition when the proline is applied. Therefore, the effective concentrations of 

proline must be optimized in order to improve crop salt tolerance. 

 

2.3.4 Salinity tolerance in sugarcane 

 

Like many other plants, sugarcane shows stunted growth under saline conditions, thereby 

reducing the yield to about 50% or even more of its true potential (Subbarao and Shaw, 1985). 

Early growth stages of sugarcane including sprouting of buds are generally more resistant to 
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salinity as compared to later developmental stages (Maas, 1986; Wahid et al., 1997b). It is 

obvious that salinity reduces the yields of sugarcane but related information is scanty (Nelson 

and Ham, 2000). Sugarcane is generally considered moderately sensitive to salinity (Maas, 1990) 

and shows great growth suppression at supra-optimal salt levels.  

Although sugarcane is prone to salinity stress, but varietal differences exist in terms of 

salinity tolerance (Rozeff, 1995, 1998). Growth declination in sugarcane due to salinity can be 

assigned to various factors including hampered macro- and micronutrient uptake (Shrivastava et 

al., 1989). For instance, salinity stress decreased Ca2+, N and P but increased Na+ and Cl- 

accumulation in salt sensitive cultivars as compared to salt tolerant ones. K+ was lower in salt 

sensitive cultivar causing imbalance of water thereby disrupting osmotic adjustments and 

causing ionic toxicity (Akhtar et al., 2003; Wahid, 2004). Wahid et al. (1997a) identified some 

important traits of salinity tolerance in sugarcane and suggested that plant selection based on 

those traits can increase productivity. Salt induced osmotic stress results in slower growth and 

reduced photosynthetic rate of the primary stalk and its suckers (Hartt and Burr, 1967).   

For the successful planting, a number of cultural practices including the exogenous use of 

chemicals have been recommended in sugarcane (Shaw, 1982). For example application of 

chelated microelements showed good results in curtailing the adverse effects of salinity in 

sugarcane growth (Hajihara and Bosshart, 1983). Increased moisture contents in the setts showed 

better sprouting (Singh and Reddy, 1980).  
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CHAPTER-3 
MATERIALS AND METHODS 

 

 

The sugarcane is propagated vegetatively from stem nodal sets because it rarely flowers in 

Pakistan. Sugarcane fuzz is imported by Sugarcane Research Institute (SRI), a division of Ayub 

Agricultural Research Institute (AARI), Faisalabad from various countries and selection of the 

appropriate material is made after meticulous trials keeping in view the agro climatic conditions 

of certain areas of the country. Varieties are then released accordingly for commercial cultivation 

in these areas. The benchmark of selection includes high yield, disease resistance and responses 

to prevailing environmental conditions. The variety of sugarcane selected for this study was 

HSF-240 (fuzz imported from Sao Paulo, Brazil). It was released for cultivation in irrigated and 

relatively low average ambient temperature (up to 38-40oC). 

Major part of the research work presented in this manuscript was performed in the 

University of Agriculture, Faisalabad, Pakistan and some part in CSIRO, Australia. First part of 

the studies on time course changes in metabolite levels and tissue differentiation from immature 

to mature stage in sugarcane (Saccharum officinarum L., cv. HSF-240) buds under abiotic 

stresses (salinity, chilling and high temperature) and role of osmoprotectants (proline and 

glycinebetaine) to mitigate the stress effects was completed at University of Agriculture, 

Faisalabad, Pakistan. During the second stage that was completed at CSIRO, Australia, the 

studies were extended to determine the effects of high temperature stress on growth of sugarcane 

sprouts, gene expression and changes in metabolites levels under high temperature stress.   
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EXPERIMENTS IN FAISALABAD, PAKISTAN 
 

3.1 EXPERIMENTAL DETAILS 
 

3.1.1 Plant material 

 

Stem nodes of sugarcane variety HSF-240 were obtained from Directorate of Sugarcane 

Research Institute (SRI), Ayub Agricultural Research Institute (AARI), Faisalabad, Pakistan. 

Immature buds of similar age were selected from upper five nodes. 

 

3.1.2 Treatments and bud chips (setts) sprouting conditions and harvesting 

 

Changes in metabolite levels and tissue differentiation as affected by various treatments were 

investigated using single noded setts. The stress treatments were: salt stress (120 mM NaCl), 

high temperature (42oC) and low temperature (15oC). Control bud chips were applied with water 

and kept at 25oC in the chamber. For salinity treatments, the bud chips were kept inside double 

layer of towel cloth soaked in saline solution (120 mM NaCl) and kept in the growth chamber at 

25oC. For low temperature (15oC) and high temperature (42oC), bud chips were placed inside 

double layer of towel cloth soaked in distilled water and kept in the growth chamber at respective 

temperatures. The bud chips were wrapped in double layer of moistened towel cloth, kept in 

plastic trays and shifted to a growth chamber (FLI, Eyelatron, Rikkakai, Japan) and allowed to 

sprout. 

Further experiments were conducted to alleviate the adverse effects of salinity, high 

temperature and low temperature with the exogenous application (20 mM) of proline and 

glycinebetaine. Prior to their application, a series of experiments were conducted to optimize the 

appropriate levels of these osmoprotectants in alleviating the stress effects. For this purpose, bud 

chips were treated with effective levels i.e. 20mM of each of the above osmoprotectants and 

sprouted under salinity, low and high temperature conditions. Rest of the experimental details 

was the same as described above. 
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Since the histological changes and tissues differentiation begins quite early, the 

harvesting was done at 8, 16, 24, 32, 40 and 48 h after the buds were put to sprout. Design of the 

experiments was completely randomized with three replications 

 

3.1.3 Measurements and data recording 

 

a. Bud fresh and dry weight 

At each harvest time, the sprouting buds were excised from the bud chips using a sharp razor. 

Fresh weight of buds separated from the stalk was determined immediately. To determine dry 

weight, the excised buds were transferred to paper bags and put in an oven running at 70oC for a 

week and then determined for dry weight.  

 

b. Ionic and nutrient analysis  

The ionic and nutrient analyses included in this study were done as described by Tendon (1993). 

The oven dried buds were finely grinded to fine powder with a grinding mill. For the analysis of 

Na+ and K+, 0.5 g of the material was digested in a mixture of concentrated HNO3 and perchloric 

acid (3:1 ratio) on a heating block for about 1 h by gradually raising the temperature to 250oC. 

After the samples became clear, the volume was made up to 50 mL with distilled water, filtered 

and stored in a refrigerator till analyzed.  

The analysis of Na+ and K+ was carried out using flame photometer (Sherwood Model 

410, Cambridge) constructing standard curves separately for both these ions. For this purpose, 

1000 ppm Na+ and K+ stock solutions were made separately by dissolving 2.541 g NaCl and 

1.9069 g of KCl in 1000 mL of distilled water, from which standard series of 10, 20, 30, 40 and 

50 mg L-1 were prepared. The K+:Na+ ratio was derived by dividing the content of K+ by Na+.  

For the estimation of Ca2+, the above extracts were determined on flame photometer. The 

actual quantity of Ca2+ was worked out by constructing a standard curve prepared using CaCO3. 

For this purpose, 100 ppm Ca stock solution was prepared by dissolving 2.247 g CaCO3 in 10 

mL of distilled water followed by addition of few drops of concentrated HCl until dissolved. The 

final volume was made to 100 mL. This gave 100 mg L-1 solution of Ca. A series of standards 

from 10 to 50 mg L-1 was prepared from the stock solution. 
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For the determination of Cl-, the dried ground plant material (0.5 g) was extracted in 

distilled water at 70oC for 8 h, filtered and stored in a refrigerator until analyzed. The volume of 

the sample was made to 50 mL with distilled water. The Cl- concentration was determined with 

Chloride Analyzer (Model 926, Sherwood Scientific Ltd., Cambridge) and expressed as mg kg-1 

dry weight. 

 

c. Biochemical determinations 

For the analysis of free proline, hydrogen peroxide (H2O2) and soluble sugars, the freshly excised 

bud tissue was immediately frozen and stored at -40oC until analyzed. 

Hydrogen peroxide (H2O2) levels were determined as described by Velikova et al. 

(2000). Bud tissue (0.1 g) was homogenized on an ice bath with 1 mL 0.1% (w/v) trichloroacetic 

acid (TCA) using a pre-chilled mortar and pestle. The homogenate was centrifuged at 12,000 g 

for 15 min and 0.5 mL of the supernatant was added to 0.5 mL of 10 mM potassium phosphate 

buffer (pH 7.0) and 1 mL 1M potassium iodide. The supernatant vortexed and absorbance was 

read at 390 nm on spectrophotometer (Hitachi U-2001, Japan) using water as blank. The content 

of H2O2 was computed by comparing with a standard curve constructed from a standard series 

containing 20, 40, 60, 80 and 100 µM H2O2. 

Free proline was analyzed from the frozen buds according to the method of Bates et al. 

(1973). A 0.5 g of frozen fresh bud tissue was homogenized with 10 mL of aqueous sulphosalicylic 

acid (w/v) and homogenate was filtered using Whatman No. 2 filter paper. Then a 2 mL of filtrate 

was mixed with 2 mL each of acid ninhydrin and glacial acetic acid. This mixture was incubated at 

100oC in a water bath for 1 h. The reaction was terminated in an ice bath, and immediately extracted 

with 4 mL of toluene after vigorous vortexing for 15-20 sec. The chromophore containing the free 

proline was aspirated and added to a test tube, warmed to room temperature and measure the 

absorbance at 520 nm on a spectrophotometer (Hitachi U-2001, Japan). Same procedure was 

followed for blanks using 2 mL of 3% aqueous sulphosalicylic acid. A standard curve was 

constructed by running the proline standards (10 to 50 µg 2 mL-1) along the unknown samples. The 

amount of free proline in the buds was calculated using the formula: 
 

[(µg proline mL-1 × mL toluene) 
µmoles proline g-1 fresh weight  =  -------------------------------------- 

115.5 µg µmole-1]/[(g sample 5-1] 
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The GB was determined using the method of Grieve and Grattan (1983). Fresh bud 

extracts were prepared by vigorously shaking in 2N H2SO4 and cooled. These extracts were 

mixed with equal volume of periodide prepared by dissolving excess of iodine in potassium 

iodide solution, vortexed and kept at 4oC for 16 h. The mixture was centrifuged at 10,000×g at 

4oC for 15 min. and the supernatant discarded. The periodide crystals left in the bottom of the 

test tube were dissolved in 10 mL of 1,2-dichloroethane, vortexed and left at room temperature 

for 15-20 min. The absorbance of the colored solution was taken at 365 nm using 

spectrophotometer.  

For the determination of glucose equivalent soluble sugars, 0.1 g of chopped fresh bud 

tissue was extracted in 5 mL of 0.2 M phosphate buffer (pH 7) for overnight. A 0.1 mL of the 

aliquot was taken in a test tube and 3 mL of freshly prepared anthrone reagent was added and 

carefully vortexed. Mixture was heated at 95oC for 15 min, cooled to room temperature under 

running tap water. The absorbance of the colored complex was taken at 625 nm on 

spectrophotometer. A standard series of glucose (20, 40, 60, 80 and 100 μg mL-1) was prepared 

from AR grade glucose to calculate the exact amount of glucose equivalent soluble sugars in the 

sample (Yoshida et al., 1976). 

 

d. Histological studies 

For histological studies of the bud tissues as affected by stress treatments and improvisation 

produced with the use of proline and glycinebetaine, methods of Ruzin (1999) was used with 

some modification, as detailed below:  

Tissue fixation and dehydration: Sugarcane buds excised at different time intervals were 

immediately fixed in formaldehyde, acetic acid, alcohol (ethanol) and water (FAA; 10:5:1:4) for 

48 h and then transferred to 70% ethanol for long term storage. While processing for section 

cutting, the tissues were dehydrated in graded alcoholic series i.e. 50, 70, 90 and 95% followed 

by absolute alcohol and then xylene (each step for 25 to 30 min) at room temperature.  

Infiltration with paraffin wax and tissue embedding: Paraffin chips were added (about 1 chip 

mL-1 xylene) to the tissue vials with xylene, capped and placed at room temperature. This step 

was repeated after every 4 h to overnight or until no additional paraffin was dissolved. Capped 

vials were transferred to 42oC and added two or three more paraffin chips every 2 h until the 

xylene was saturated with paraffin. After pouring off half volume of vial, equal volume of 
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melted paraffin was added to tissue vials. At 4-12 h intervals, one half of the total volume was 

again poured off. This step was repeated two more times. Finally, all of paraffin in samples was 

replaced with pure melted paraffin and kept overnight. When no residual xylene was detectable, 

the tissue samples were embedded in paraffin blocks using Tissue Tek (Supra, Japan). 

Sectioning and mounting and staining: Tissues were embedded in paraffin, which was 

contained in the plastic molds. The paraffin blocks containing tissues were then trimmed to make 

rectangular cutting face. These trimmed blocks were adjusted on the microtome for cutting 5-7 

μm thick sections. Paraffin ribbons with sections were floated on hot water for 4-5 min. to allow 

expansion and rearrangement of sections, which were then placed on adhesive coated glass 

slides. The sections were deparaffinized in xylene and rehydrated in decreasing concentrations of 

ethanol (99-50%) followed by distilled water. These sections were stained with toluidine blue 

stain. The photographs of the stained tissues were taken on a camera equipped microscope (DG3 

LaboMed, USA) at various magnifications. The measurements of various cells and tissues were 

taken from the stained sections using the ocular micrometer and compared with stage micrometer 

to determine the exact size. 
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EXPERIMENTS AT CSIRO, AUSTRALIA 

 
3.2.1 Selection of sugarcane material and experimental details 

 

Two cultivars Q200A and KQ228A were selected for this experiment because they were smut 

resistant and thus of increasing importance in Australia since the discovery of smut in 

Queensland in 2006. For experiment 1, plant material was obtained from Meringa Sugar 

Experiment Station, Gordonvale, Queensland, Australia (17°5′ S, 145°47′ E), for experiment 2 

from Mackay Central Sugar Experiment Station, Peak Downs Highway, Te Kowai, Queensland 

(21o 16’ S, 149o 12’ E), and for experiment 3 from Rocky Point Sugar Mill, Mill Rd., 

Woongoolba, Queensland (27o 73’ S, 153o 33’ E). Plant material for experiment 3 was taken 

from the pot grown plants grown maintained in glasshouse from November 2004 to April 2005 

in the Queensland Bioscience Precinct glasshouse St. Lucia. Conditions inside the glasshouse 

were: ambient light with day/night temperature of 31/22oC and day/night relative humidity 

55/71%. 

Three experiments were designed to see the effect of heat stress during the early stages of 

bud sprouting which are described below. 

 

a. Experiment 1- Heat Stress (5-15 days)  

In this experiment, 60 single eyed bud chips (setts) were cut from each cultivar, wrapped in wet 

towels and placed in growth chambers (Thermoline Scientific, Model: TRIL-495-1-SD) at two 

different temperatures, 30oC and 42oC. After 5, 10 and 15 days, 10 buds of each cultivar were 

planted into pots (110 mm internal diameter, 120 mm tall) containing soil (PEAT 80 PLUS by 

SEARLES®, Queensland Australia), and transferred to a glasshouse with day/night temperatures 

of 30oC/22oC and humidity 50% /70%, for 30 days. After 30 days in the glasshouse height up to 

the last dewlap and whole aboveground height (i.e. up to last emerged tip), number of leaves, 

number of scale leaves, and number of tillers were recorded along with the proportion of buds 

that sprouted. 
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b. Experiment 2- Heat Stress (2-6 days) 

In experiment 1 the effect of 42oC on reducing sprouting was already evident after 5 days; 

therefore experiment 2 used shorter periods of heat exposure to determine the effect on 

sprouting. Single bud chips of all three cultivars were wrapped in towels and kept (a) at 30oC and 

42oC as in experiment 1 but the number of days of exposure was reduced to 2, 4 and 6 and (b) 

placed at 30oC for 2 days and then transferred to 42oC for 2, 4 and 6 days respectively to see the 

effect of heat stress once sprouting had been initiated. The data taken after 30 days of recovery in 

the glasshouse were the same as experiment 1. 

 

c. Experiment 3- Heat Stress (0-48 hours)  

To measure the early changes taking place in buds under heat stress, single eyed bud chips of a 

single cultivars (KQ228) were cut, wrapped in wet towel cloth and placed at two different 

temperatures (30 and 42oC). Three replicates containing 8 bud chips of each variety were placed 

at both temperatures and 5 buds were harvested at the start of the experiment for each cultivar 

and labeled as zero hours (0 h). Four buds were harvested from each replicate after 24 and 48 h 

and the bud were stored at -80oC. The samples were determined for the following attributes. 

 

Gene expression analysis: For relative expression analysis of some stress-related genes, total 

RNA was extracted from bud tissues using a commercial RNeasy mini kit (QAIGEN). Purified 

RNA was treated with DNaseI using a DNA-free kit (Ambion, USA). cDNA was synthesised 

using SuperScript III. Quantitative real time PCR (qRT-PCR) was carried out as described by 

Iskandar et al. (2004), with minor modifications. Primers were designed with the Primere 

Express V. 1.5 software (Applied Biosystems). Duplicate 12 µL PCR reactions were prepared 

containing 5 µL of template cDNA (5 ng µL-1), 1 µL of primers mixed (3 µM of each) and 6 µL 

of 2 X SYBR green master mixes (Applied Biosystems). Cycling was performed with the 

Applied Biosystems 7900 HT and results analysed using the ABI Prism SDS version 2.5 

software. Relative expression values were calculated with reference to the expression of 25s 

rRNA gene, as described by Iskandar et al. (2004). 

Metabolites analysis: Bud samples were freeze dried and sent to “Metabolomic Australia” at 

University of Melbourne Australia. The measurements were performed by them and the results 

were sent back to us. 
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3.3 STATISTICAL ANALYSIS 
 

Analyses of variance (ANOVA) for all attributes were performed using COSTAT computer 

package (CoHort software, 2003, Monterey, California) and DMR test was applied to determine 

the differences among various factors and their interactions separately at individual growth 

stages (Steel et al., 1996). All experiments had three factors. Correlations were drawn between 

different attributes at each growth stage.  

 

3.4 CHEMICALS 
 

All chemicals used in the experiments were purchased either from Biorad, Sigma, Merck, BDH, , 

Fluka and Aldrich, and were of either ACS or AR grade. 
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CHAPTER-IV 

RESULTS AND DISCUSSION 
 

 

Salinity and temperature fluctuations are important environmental stresses affecting crop 

productivity. Sugarcane is a tropical plant species and its bud sprouting is generally sensitive to 

these environmental stresses. The effects of these stresses can be alleviated. In the present 

studies, the influence of individual effects of high (42oC) and low temperature (15oC) and a 

moderate salinity (120 mM NaCl) and the possible influence of pretreatment with 20 mM 

concentration proline and glycinebetaine (GB) were studied on the sprouting, physiological and 

developmental changes in sugarcane buds in a time course manner. An account of the results 

obtained and explanation of the underlying reasons for each stress condition are given below: 

 

STUDIES AT FAISALABAD, PAKISTAN 
 

4.1  HIGH TEMPERATURE (HEAT) STRESS 
 

Prevailing supra-optimal temperature is a great deterrent to the seed germination and bud 

sprouting. Its effects can be minimized by the external use of some stress alleviating compounds 

such as osmoprotectants. Results of the effects of heat stress on the sprouting of sugarcane buds 

and the effectiveness of osmoprotectants in reducing heat stress effects are given below: 
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4.1.1 RESULTS 
 

4.1.1.1 Changes in biomass of buds under heat stress 

 

a. Bud fresh weight 

Data revealed significant differences of time points, various treatments but with a non-significant 

interaction of both time of harvest and treatments. There was a time course increase in the fresh 

weight of buds in all treatments. A comparison of the treatments showed that fresh weight was 

the lowest in untreated control buds, which increased significantly with proline and GB 

pretreatment, but proline was the most effective. Under heat stress, untreated buds indicated the 

lowest bud fresh weight, which improved with the exogenous application of both proline and 

GB. In this case again proline was more effective (Fig. 1). 
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Fig. 1: Fresh weight of sugarcane buds under heat stress and 
changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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b. Bud dry weight 

There were significant differences in time points and various treatments although interaction of 

these factors was not evident. Bud dry weight increased in a time course manner across all 

treatments. Under control condition, at initial time point, the bud dry weight was comparable in 

all the treatments, which increased more greatly in the proline followed by GB treated buds.  

Under heat stress, the value of this attribute was the lowest in untreated bud, which was 

substantially increased in the proline followed by GB treated buds (Fig. 2). 
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Fig. 2: Dry weight of sugarcane buds under heat stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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4.1.1.2 Bud physiological attributes 

 

a. Hydrogen peroxide accumulation 

Statistical analysis of data indicated non-significant difference in the time points but a significant 

one in the treatments with a significant interaction of both these factors. Under control condition, 

the H2O2 contents did not differ much in the untreated or treated buds at all time periods. 

However, under heat stress, the untreated buds indicated a linear accumulation of H2O2, while 

pretreatment with proline and GB was greatly effective in minimizing the biosynthesis and 

accumulation of H2O2 and bringing it down to the control levels. On the osmoprotectants, GB 

was more effective than proline at all time points (Fig. 3). 

 

0

10

20

30

40

8 16 24 32 40 48

H
2O

2
(µ

g/
g 

fr
es

h 
w

ei
gh

t)

Time of harvest (h)

Control Heat
Control+GB Heat+GB
Control+Proline Heat+Proline

 
Variance sources DF Mean squares Significance (P) 
Hours (H) 5 4.24 >0.05ns 
Treatments (T) 5 146.91 <0.01** 
H × T 25 21.98 <0.01** 
Error 72 3.54  
 
Fig. 3: Hydrogen peroxide (H2O2) concentration of sugarcane buds 
under heat stress and changes produced in it by pretreatment with 20 
mM levels of proline and glycinebetaine 
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b. Free proline 

For free proline accumulation, statistical treatment of data showed no difference in the time 

points, although there was a significant difference among the treatments, and an interaction of 

time points and various treatments was also missing. Although trend did not change over the 

time periods, free proline accumulation was the greatest in the heat treated and proline treated 

buds followed by control and proline treated and only heat treated buds. However, control and 

GB treated and heat stressed or heat unstressed buds indicated a lowest accumulation of free 

proline (Fig. 4).  
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Fig. 4: Free proline concentration of sugarcane buds under heat stress 
and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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c. Glycinebetaine 

Statistical treatment of data showed significant differences in the time points, treatments and a 

significant interaction of time points and various treatments for GB accumulation. The 

accumulation of GB was the lowest in the control and GB untreated buds. It accumulated highly 

in a time dependent manner in the GB treated buds followed by heat and GB treated and only 

heat treated buds respectively. Proline treated buds stressed or unstressed with high temperature 

did not display any change in the GB accumulation and showed the values essentially at par with 

the control buds (Fig. 5). 
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Fig. 5: Glycinebetaine concentration of sugarcane buds under heat 
stress and changes produced in it by pretreatment with 20 mM 
levels of proline and glycinebetaine 
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d. Soluble sugars 

Data revealed significant difference in the time points, various treatments with a significant 

interaction of both these factors for soluble sugars. Under control conditions, the buds 

irrespective of pretreatment, indicted no changes in the soluble sugar concentration. However, 

under heat stress, the treated and untreated buds showed a time-related accumulation of soluble 

sugars, although their accumulation was the greatest in GB treated followed by proline treated 

and untreated buds (Fig. 6). 
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Fig. 6: Soluble sugars concentration of sugarcane buds under heat 
stress and changes produced in it by pretreatment with 20 mM 
levels of proline and glycinebetaine 
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e. K+ accumulation  

There were significant difference in the time points and various treatments with a significant 

interaction of both these factors for K+ contents of buds. Under control conditions, untreated and 

treated buds indicted no differences for their K+ contents. Heat stress caused a reduction in the 

K+ contents of the buds, but this reduction was the least in GB followed by proline treated buds, 

while untreated buds indicated the lowest K+ accumulation (Fig. 7). 
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Fig. 7: Potassium (K+) contents of sugarcane buds under heat stress 
and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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f. Ca2+ accumulation 

Statistical treatment of data revealed significant difference in the time points and various 

treatments with a non-significant interaction of both these factors for Ca2+ accumulation in the 

buds. Treatment with proline or GB was effective for control and heat stress temperatures by 

improving the ca2+ contents of sugarcane buds. However, proline improved the calcium contents 

of heat stressed buds to the equivalent concentration observed in control buds (no treatment, no 

heat stress). GB was more effective, equivalent to treated control buds (Fig. 8). 
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Fig. 8: Calcium (Ca2+) contents of sugarcane buds under heat stress 
and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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4.1.1.3 Developmental changes in buds 

 

a. Number of differentiated leaves 

Data indicated significant differences in time points but not among treatments, but interaction of 

these factors was not evident for this parameter. The differentiation of leaves increased with time 

in all the treatments, but 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 osmoprotectants, GB was slightly more effective under 

control and heat stress (Fig. 9). 
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Fig. 9: Number of differentiated leaves in the sprouting sugarcane 
buds under heat stress and changes produced in it by pretreatment 
with 20 mM levels of proline and glycinebetaine 
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b. Width of differentiation leaves 

Statistical treatment of data manifested significant differences in time points and treatments with 

significant interaction of these factors. The width of differentiating leaves progressed with time 

in all the treatments, but applied heat stress affected this attribute irrespective of the bud pretreatment. 

The differentiating leaves were the narrowest in heat treated control bud. The pretreatment with 

both GB and proline increased leaf width both under heat stress and non-stress condition. The 

effectiveness of GB and proline was similar under control, while under heat stress GB proved 

more effective in increasing leaf width (Fig. 10). 
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Significance (P) 

Hours (H) 5 356.69 <0.01** 
Treatments (T) 5 59.72 <0.01** 
H × T 25 4.09 <0.01** 
Error 72 0.46  
 
Fig. 10: Maximum width of differentiating leaves in the sprouting 
sugarcane buds under heat stress and changes produced in it by 
pretreatment with 20 mM levels of proline and glycinebetaine 
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c. Number of mesophyll cells 

There were significant differences in the time points, various treatments as well as a significant 

interaction of both these factors. At earlier time points (8 and 16 h), there was no great 

differences in various treatments for the number of cells between lower and upper epidermis; 

however, at later time periods this number decreased under heat stress. Under control condition, 

GB and proline were equally effective in increasing this number, while under heat stress this 

number was the lowest in control buds followed by pretreatment with proline and GB (Fig. 11). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 77.40 <0.01** 
Treatments (T) 5 7.98 <0.01** 
H × T 25 0.91 <0.01** 
Error 72 0.38  
 
Fig. 11: Number of mesophyll cell between upper and lower 
epidermis in the differentiating leaves of sprouting sugarcane buds 
under heat stress and changes produced in it by pretreatment with 
20 mM levels of proline and glycinebetaine 
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d. Area of mesophyll cells 

Data indicated significant differences in the time points, various treatments but a non-significant 

interaction of both these factors. Under control condition, the area of individual mesophyll cells 

did not differ between both the pretreatments and untreated buds over time. However, under heat 

stress, the value of this attribute was the lowest in the untreated bud while GB and proline were 

effective in improving this area at all time points (Fig. 12). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 19615.70 <0.01** 
Treatments (T) 5 4348.90 <0.01** 
H × T 25 126.48 >0.05ns 
Error 72 105.87  
 
Fig. 12: Area of individual mesophyll cells of the differentiating 
leaves of sprouting sugarcane buds under heat stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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e. Number of vascular bundle per leaf 

Statistical analysis of data revealed significant differences among all the time points and various 

treatments with a significant interaction of these factors. Under control condition, the number of 

vascular bundles per leaf was similar in treated or untreated buds at all time periods. Under heat 

stress, this number was the lowest in untreated control and proline treated buds, while GB 

showed an improvement under heat stress (Fig. 13). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 25.59 <0.01** 
Treatments (T) 5 6.58 <0.01** 
H × T 25 0.56 <0.01** 
Error 72 0.20  
 
Fig. 13: Number of vascular bundle per leaf of differentiating 
leaves of sprouting sugarcane buds under heat stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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f. Area of vascular bundles 

There were significant differences in the time points and treatments for the changes in area of 

vascular bundles along with a significant interaction of both these factors. Although increased in 

all treatments in a time course manner, under control condition the area of vascular bundles was 

the highest in GB treated buds followed by proline and untreated buds. However, under heat 

stress, this area was the lowest in untreated heat stressed buds. However, pretreatment with GB 

was more effective than proline in improving the area of vascular bundles under heat stress at 

almost all time points (Fig. 14). 
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H × T 25 20.20 <0.01** 
Error 72 6.83  
 
Fig. 14: Area of vascular bundles of the differentiating leaves of 
sprouting sugarcane buds under heat stress and changes produced 
in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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4.1.1.4 Correlation 

 

In order to establish the validity of the reported changes, some correlations were established in 

the dry weight of bud and various physiological and developmental attributes and those of 

changes in some physiological attributes with the developmental attributes of buds at initial (8 h) 

and final (48 h) time points (Table 1). At 8 h, most of the relationships were non-significant 

except positive correlation of glycinebetaine with number of mesophyll cells; soluble sugars with 

number of differentiating leaves and K+ and Ca2+ with the width of differentiating leaves. 

However, at 48 h dry weight was positively correlated with Ca2+, number of differentiating 

leaves, area of individual mesophyll cells and area of vascular bundles, while a negative 

correlation was observed with H2O2 concentration. K+ was positively correlated to the width of 

differentiating leaves, number and area of mesophyll and vascular bundles, while Ca2+ had 

positive correlations with number of differentiating leaves and area of mesophyll cell (Table 1). 

 

4.1.2 DISCUSSION 
 

Heat stress on plants, resulting from the global warming, greatly inhibits growth and productivity 

of all crops (Porter, 2005). All the stages of plant development are sensitive to increased ambient 

temperature when it exceeds the minimum growth limit for any crop species. Seed germination 

and initial growth stages are especially sensitive to temperature stress with an increase of one 

leading to a substantial reduction in germination and seedling growth (Grass and Burris, 1995; 

Egli et al., 2005). Nonetheless, the adversaries of heat stress can be minimized by using various 

strategies; of those the use of low molecular weight osmoprotectants has been the major one 

(Wahid et al., 2007a, b). In this study, the exposure of sugarcane buds to heat stress in a time 

course manner indicated a substantial reduction in fresh  (Fig. 1) and dry weight (Fig. 2), which 

was related to hampered physiological activities in the bud, which appeared to restrict its 

development. Pretreatment of buds with GB and proline had a small effect under control 

condition but higher effect under heat stress in improving the fresh and dry weight of bud (Fig. 1, 

2). Although reports are scarce, the sugarcane bud is a vegetative tissue that is regarded as 

synonymous to seed germination, since it is also influenced by prevailing stress conditions in a 

similar fashion as that seen in seed during germination (Wahid et al., 2009a). 
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 It has been reported that a single degree rise in prevailing temperature causes great 

changes in the physiological phenomena (Morison, 1996). One of the prominent effects of heat 

stress is the production of reactive oxygen species (ROS), which caused oxidative damage on the 

cells and tissues. The endogenous synthesis or external supply of osmoprotectants and other 

chemicals have been reported to be effective in reducing the oxidative stress generated due to the 

production of ROS (Noctor and Foyer, 1998; Smirnoff, 2005; Wahid et al., 2008). Other effects 

Table 1: Correlation of dry weight and some physiological attributes with the development of 
buds as affected by various treatments at 8 and 48 h after exposure to heat stress  
 

X-variable Y- variable 8 h 48 h
Dry weight Hydrogen peroxide 0.487ns -0.876*
 Proline 0.712ns -0.003ns
 Glycinebetaine 0.031ns 0.198ns
 Soluble sugars 0.556ns -0.104ns
 K+ -0.684ns 0.660ns
 Ca2+ -0.715ns 0.934**
 Number of differentiated leaves -0.007ns 0.913*
 Width of differentiating leaves -0.308ns 0.800ns
 Number of mesophyll cell -0.378ns 0.690ns
 Area of individual mesophyll cells 0.127ns 0.885*
 Number of vascular bundle per leaf -0.452ns 0.553ns
 Area of vascular bundles 0.344ns 0.829*
Hydrogen peroxide Number of differentiating leaves -0.673ns -0.672ns
 Width of differentiating leaves -0.926** -0.545ns
 Number of mesophyll cell 0.172ns -0.392ns
 Area of individual mesophyll cells -0.658ns -0.795ns
 Number of vascular bundle per leaf -0.522ns -0.420ns
 Area of vascular bundles -0.587ns -0.591ns
Proline Number of differentiating leaves -0.355ns -0.184ns
 Width of differentiating leaves -0.668ns -0.346ns
 Number of mesophyll cell -0.474ns -0.414ns
 Area of individual mesophyll cells -0.072ns -0.243ns
 Number of vascular bundle per leaf -0.832* -0.456ns
 Area of vascular bundles -0.304ns -0.403ns
Glycinebetaine Number of differentiating leaves 0.099ns 0.410ns
 Width of differentiating leaves -0.122ns 0.340ns
 Number of mesophyll cell 0.824* 0.401ns
 Area of individual mesophyll cells -0.671ns 0.058ns
 Number of vascular bundle per leaf 0.563ns 0.002ns
 Area of vascular bundles 0.036ns 0.420ns
Soluble sugars Number of differentiating leaves 0.820* -0.420ns
 Width of differentiating leaves 0.454ns -0.604ns
 Number of mesophyll cell -0.211ns -0.674ns
 Area of individual mesophyll cells 0.365ns -0.448ns
 Number of vascular bundle per leaf 0.207ns -0.732ns
 Area of vascular bundles 0.798ns -0.504ns
K+ Number of differentiated leaves 0.303ns 0.809ns
 Width of differentiating leaves 0.814* 0.947**
 Number of mesophyll cell 0.061ns 0.946**
 Area of individual mesophyll cells 0.561ns 0.904*
 Number of vascular bundle per leaf 0.574ns 0.983**
 Area of vascular bundles 0.256ns 0.922**
Ca2+ Number of differentiated leaves 0.487ns 0.895*
 Width of differentiating leaves 0.836* 0.804ns
 Number of mesophyll cell 0.011ns 0.729ns
 Area of individual mesophyll cells 0.475ns 0.814*
 Number of vascular bundle per leaf 0.589ns 0.530ns
 Area of vascular bundles 0.388ns 0.868*

 
Significant at ** P<0.01, * P<0.05 and ns non-significant 
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of heat stress include reduced concentration of essential nutrients (Wahid et al., 2007a). In this 

study, H2O2, which is a long-lived and highly toxic ROS (Gong et al., 1998; Wahid et al., 

2007a), was measured in the heat treated sugarcane buds treated with GB and proline. The heat 

stress led to a greater production of H2O2 in the untreated buds, while treated buds indicated its 

lower production. This showed the effectiveness of both these osmoprotectants in the alleviation 

of oxidative damage (Fig. 3).  

Among other physiological attributes, the production of free proline, GB, soluble sugars, 

and changes in the accumulation of K+ and Ca2+ were monitored. It was important to note that 

both GB and proline treated buds indicated steady state levels of both these analytes under 

control or heat stress (Fig. 4, 5), indicating that both were not metabolized rather they persisted 

and appeared to play a role in maintaining water economy of the sprouting buds to some extent 

as evident from the fresh weight of the buds (Fig. 1). Contrarily, soluble sugars indicated a linear 

accumulation, which was enhanced further by pretreatment with both GB and proline (Fig. 6). 

Similar was the trend for the accumulation of K+ (Fig. 7) and Ca2+ (Fig. 8) in the heat stressed 

untreated or treated buds. Both these ions play protective roles in plants under heat and other 

stresses (Zhu, 2003; Wahid et al., 2007a, b; 2008; Farooq et al., 2009). These findings revealed 

that pretreatment of buds with GB and proline coupled the accumulation of soluble sugars, K+ 

and Ca2+ and helped the buds to sustain heat stress. 

Immature sugarcane bud is a vegetative tissue comprising a ground mass of cells, and 

when provided with appropriate medium show the differentiation of leaf primordia and then 

leaves that lead ultimately to the sprouting in the form of seedling (Alexander, 1973). During the 

sprouting of buds, expansion of differentiating leaves and establishment of vascular connections 

is pivotal. To our knowledge no study to date is available on the development of various tissues 

of sugarcane bud from immature to mature state under normal or stressful conditions. Here the 

comparative developmental changes were monitored in the GB and proline treated or untreated 

sugarcane buds under heat stress. These findings revealed a progressive development of various 

tissues including the number of differentiating leaves and their expansion (Fig. 9, 10), number 

and area of mesophyll cells (Fig. 11, 12) and number and area of vascular bundles (Fig. 13, 14). 

This data depicted a severe influence of heat stress on these attributes while pretreatement with 

GB and proline was well evident although to a varying degree. Most important effect of heat 

stress was on the expansion of mesophyll cells and the development of vascular connections, 
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whilst both GB and proline reversed the heat stress effects on these tissues significantly (Fig. 

15). Thus in some instances, the effectiveness of both GB and proline nearly equaled controls. 

The establishment of correlations is an important tool for finding possible associations of 

Fig. 15: Pictorial representation of the changes in the development of various cells and tissues in 
the transverse sections of buds under control (left panel) and heat stress (right panel) conditions 
after 36 h. The buds were treated with water (control) and 20 mM solution each of proline and 
glycinebetaine (treated). MC, mesophyll cells; VB vescular bundles; EL, elongating bud leaves



 

 65

various parameters in modulating any particular phenomena (Steel et al., 1996). The validity of 

the changes produced by pretreatment of buds and effect of heat stress was monitored by 

correlating various attributes during initial and final time points. These correlations, rarely 

significant at 8 h (initial) time point, were well evident at 48 h (final) time point (Table 1). The 

correlation data suggested that bud pretreatment triggered maintenance of requisite levels of Ca2+ 

and K+ 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 H2O2 with dry weight indicated that an element of oxidative damage due to heat 

stress was also prevalent on the buds. Presence of no correlations of GB, proline or sugars with 

dry weight or differentiation of the bud tissues revealed that these osmoprotectants had no direct 

roles in the heat tolerance of sugarcane buds rather their roles appeared to lie in the improved 

nutritional status of buds. 

In conclusion, heat stress had stimulated the production of H2O2 and accumulation of 

various osmolytes, while sett pretreatment with GB and proline only partially counteracted the 

effect of heat stress by enhancing the tissue levels of K+ and Ca2+, and thereby maintaining the 

differentiation of bud tissues and increasing its dry weight. From the correlation data, it was 

revealed that the pretreatment with GB and proline had indirect roles in improving bud growth 

under heat stress. Nonetheless, these findings suggest that pretreatment of sugarcane buds at the 

employed levels has great implication for enhancing the sugarcane plant population in a unit area 

in warmer climates. 
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4.2 LOW TEMPERATURE (COLD) STRESS 
 

Cold stress (including chilling and freezing) is another stressing factor for a tropical plant like 

sugarcane. Although cold stress affects all the stages of sugarcane growth, incidence of low 

temperature spells during germination and bud sprouting is a limiting factor in crop stand 

development. The effect of cold stress can be alleviated by the exogenous application of 

osmoprotectants. Results of the effects of cold stress on the sprouting of sugarcane buds and the 

effectiveness of osmoprotectants in reducing chilling stress effects are given below: 
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4.2.1 RESULTS 
 

4.2.1.1 Changes in biomass of buds under cold stress 
 

a. Bud fresh weight 

Statistical treatment of data revealed significant differences of time points, various treatments 

although there was no interaction of time of harvest and treatments. There was a time course 

increase in the fresh weight of buds in all treatments. A perusal of the data indicated that fresh 

weight was the lowest in untreated control buds, which increased significantly with proline and 

GB pretreatment; proline being more effective. Under cold stress, untreated buds indicated the 

lowest bud fresh weight, which was slightly (~5−7%) improved with the exogenous application 

of both proline and GB (Fig. 16). 
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Treatments (T) 5 0.122 <0.01** 
H × T 25 0.021 >0.05ns 
Error 72 0.035  
 
Fig. 16: Fresh weight of sugarcane buds under cold stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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b. Bud dry weight 

Data revealed statistically significant differences in the time points and various treatments but an 

interaction of these factors was not present. Bud dry weight increased linearly over all the 

treatments. Under control condition, at initial time point, the bud dry weight was comparable in 

all the treatments except untreated bud, which manifested reduced dry weight. On the other hand 

under cold stress, the dry weight was the lowest in untreated bud, which was improved due to 

bud pretreatment with proline and GB; the latter being more effective (Fig. 17). 
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Hours (H) 5 0.082 <0.01** 
Treatments (T) 5 0.018 <0.01** 
H × T 25 0.002 >0.05ns 
Error 72 0.002  
 
Fig. 17: Dry weight of sugarcane buds under cold stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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4.2.1.2 Physiological changes in sprouting buds 

 

a. Hydrogen peroxide accumulation 

Data revealed significant difference in the time points and various treatments with a significant 

interaction of these factors. Under control condition, the H2O2 contents were similar in the 

untreated or treated buds at all time periods. However, under cold stress, the untreated buds 

indicated a time related accumulation of H2O2, while pretreatment with proline and GB was 

effective in substantially reducing the accumulation of H2O2 (Fig. 18). 
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Hours (H) 5 87.10 <0.01** 
Treatments (T) 5 208.27 <0.01** 
H × T 25 24.76 <0.01** 
Error 72 4.66  
 
Fig. 18: Hydrogen peroxide (H2O2) concentration in sugarcane buds under 
cold stress and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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b. Free proline 

Statistical treatment of data showed significant difference in the time points and treatments with 

an interaction of time points and various treatments for free proline accumulation. Under control 

condition, free proline was the lowest in untreated buds and those GB treated, while quite 

increased in proline treated ones. Cold treatment further enhanced the free proline accumulation 

in the proline treated buds, which was untreated cold stressed bud and GB treated and cold 

stressed buds (Fig. 19).  
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 21.69 <0.01** 
Treatments (T) 5 701.12 <0.01** 
H × T 25 8.45 <0.01** 
Error 72 1.50  
 
Fig. 19: Free proline concentration in sugarcane buds under cold stress and 
changes produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 

 



 

 71

c. Glycinebetaine 

Statistical treatment of data showed significant differences in the time points and treatments but a 

non-significant interaction of time points and various treatments for GB accumulation. The 

accumulation of GB was the lowest in the control and GB untreated buds. It accumulated highly 

in a time dependent manner in the GB treated buds followed by cold and GB treated and only 

cold treated buds respectively. Proline treated buds accumulated some GB accumulation when 

subjected to cold stress (Fig. 20). 
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Hours (H) 5 29.82 <0.01** 
Treatments (T) 5 334.02 <0.01** 
H × T 25 3.56 >0.05ns 
Error 72 4.12  
 
Fig. 20: Glycinebetaine (GB) concentration in sugarcane buds under cold 
stress and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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d. Soluble sugars 

Data revealed significant difference in the time points, various treatments with a significant 

interaction of both these factors for soluble sugars. Under control condition, bud pretreatment 

had no effect on the soluble sugar accumulation. However, under cold stress, the treated as well 

as untreated buds indicated a time course accumulation of soluble sugars. Soluble sugar 

concentration was the highest in proline treated buds followed by GB treated and untreated buds 

(Fig. 21). 
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Hours (H) 5 1557.40 <0.01** 
Treatments (T) 5 6888.93 <0.01** 
H × T 25 303.10 <0.01** 
Error 72 45.07  
 
Fig. 21: Soluble sugars concentration in sugarcane buds under cold stress 
and changes produced in it by pretreatment with 20 mM levels of proline 
and glycinebetaine 
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e. K+ accumulation  

The bud accumulation of K+ differed non-significantly with the time points but significantly 

under various treatments; however, there was no interaction of both these factors. Treated control 

buds (25oC, proline/GB) indicated no difference in K content. Treatment with GB or proline 

allowed the cold stressed sugarcane buds to maintain K concentrations, equivalent to control 

samples (Fig. 22). 
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Hours (H) 5 6.44 >0.05ns 
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H × T 25 6.87 >0.05ns 
Error 72 6.82  
 
Fig. 22: Potassium contents of sugarcane buds under cold stress and 
changes produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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f. Ca2+ accumulation 

For bud Ca2+ contents data revealed no significant difference in the time points but there was a 

significant difference in the treatments with a significant interaction of both these factors. 

Calcium concentrations reduced over time when sugarcane buds are subjected to cold stress. 

Treatment with GB or proline resulted in a small (but not significant) increase in Ca2+ over time 

in unstressed buds. Cold stresses buds responded more to GB than proline treatment; with the 

GB treatment resulting in Ca2+ concentrations equivalent or more than control 

(unstressed/untreated) buds (Fig. 23). 
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Hours (H) 5 0.56 >0.05ns 
Treatments (T) 5 6.61 <0.01** 
H × T 25 0.74 <0.05* 
Error 72 0.40  
 
Fig. 23: Calcium (Ca2+) contents of sugarcane buds under cold stress and 
changes produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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4.2.1.3 Developmental changes in sprouting buds 
 

a. Number of differentiated leaves 

Analysis of data indicated significant differences in the time points and treatments as well as a 

significant interaction of both these factors. There was no great difference in the treatments at 8 

and 16 h time periods for the differentiation of leaves, but these differences were well marked 

later on. Despite treatment with GB or proline, cold stressed buds were not able to differentiate 

as many leaves as the unstressed/untreated controls (Fig. 24). 
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Hours (H) 5 36.63 <0.01** 
Treatments (T) 5 9.16 <0.01** 
H × T 25 0.52 <0.01** 
Error 72 0.18  
 
Fig. 24: Number of differentiated leaves in the sprouting sugarcane buds 
under cold stress and changes produced in it by pretreatment with 20 mM 
levels of proline and glycinebetaine 
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b. Width of differentiation leaves 

Analysis of data showed significant differences in time points and treatments with significant 

interaction of these factors. Although the width of differentiating leaves increased with time in 

all the treatments, applied heat stress greatly affected this attribute. The pretreatment with both 

GB and proline increased leaf width both under cold stress or non-stress condition, although 

there was no difference in the effectiveness of GB and proline however proline was slightly 

(though not significant) more effective than GB (Fig. 25). 
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Fig. 25: Maximum width of differentiating leaves in the sprouting 
sugarcane buds under cold stress and changes produced in it by 
pretreatment with 20 mM levels of proline and glycinebetaine 
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c. Number of mesophyll cells 

Analysis of data revealed significant differences in the time points, various treatments and a 

significant interaction of both these factors. Up to 24 h time points, there were no clear 

differences in various treatments for the number of mesophyll cell layers between lower and 

upper epidermis, while these differences were well evident at later time points. The GB and 

proline overlapped for their effectiveness in improving this number under control condition at all 

time points. However, under cold stress this number was almost similar both under proline and 

GB pretreatment but greater than untreated buds (Fig. 26). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 69.73 <0.01** 
Treatments (T) 5 6.42 <0.01** 
H × T 25 1.13 <0.01** 
Error 72 0.32  
 
Fig. 26: Number of mesophyll cell between upper and lower epidermis in 
the differentiating leaves of sprouting sugarcane buds under cold stress and 
changes produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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d. Area of mesophyll cells 

Statistical analysis of data manifested significant differences in the time points, various 

treatments together with a significant interaction of both these factors. Under control condition, 

the area of individual mesophyll cells did not differ between both the treated and untreated buds 

over time, while under cold stress this area was the lowest in the untreated buds while GB and 

proline were effective in improving it at all time points. The improvement produced by proline 

was nearly at par with the control values (Fig. 27). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 17354.67 <0.01** 
Treatments (T) 5 5312.43 <0.01** 
H × T 25 186.20 <0.01** 
Error 72 79.14  
 
Fig. 27: Area of individual mesophyll cells of the differentiating leaves of 
sprouting sugarcane buds under cold stress and changes produced in it by 
pretreatment with 20 mM levels of proline and glycinebetaine 
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e. Number of vascular bundle per leaf 

Data revealed significant differences in all the time points and treatments with a significant 

interaction of both these factors. Under control condition, the number of vascular bundles per 

leaf was lower in untreated buds but higher in proline followed by GB treated buds at all time 

periods. Under cold stress, however, this number was the lowest in untreated control buds, while 

GB showed a great improvement followed by proline (Fig. 28). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 31.88 <0.01** 
Treatments (T) 5 18.61 <0.01** 
H × T 25 0.63 <0.01** 
Error 72 0.22  
 
Fig. 28: Number of vascular bundle per leaf of differentiating leaves of 
sprouting sugarcane buds under cold stress and changes produced in it by 
pretreatment with 20 mM levels of proline and glycinebetaine 
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f. Area of vascular bundles 

Data showed significant difference in the time points and treatments for the changes in area of 

vascular bundles as well as a significant interaction of both these factors. Although increased in 

all treatments in a time course manner, under control condition the area of vascular bundles was 

the highest in GB treated buds followed by proline and untreated buds. However, under cold 

stress, pretreatment with proline was more effective than GB in increasing the vascular bundler 

area up to 32 h time point, beyond which GB was more effective (Fig. 29). 
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Hours (H) 5 1504.86 <0.01** 
Treatments (T) 5 745.43 <0.01** 
H × T 25 22.31 <0.01** 
Error 72 5.09  
 
Fig. 29: Area of vascular bundles of the differentiating leaves of sprouting 
sugarcane buds under cold stress and changes produced in it by 
pretreatment with 20 mM levels of proline and glycinebetaine 
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4.2.1.4 Correlation 

 

The validity of above changes was substantiated by establishing the relationships of dry weight 

and various physiological and developmental attributes of bud and those of changes in some 

physiological attributes with the developmental attributes of buds at 8 h and 48 h time points 

(Table 2). At 8 h, no relationship of various attributes could be seen except a negative 

relationship of soluble sugars with the width of differentiating leaves. However at 48 h, dry 

weight was positively correlated with Ca2+, number and width of differentiating leaves, area of 

individual mesophyll cells and number and area of vascular bundles. H2O2 was negatively related 

to all the developmental parameters of buds, K+ was positively paralleled with all the 

developmental parameters of buds except area of vascular bundles and positive relationship of 

Ca2+ with n umber of vascular bundles per leaf (Table 2). 

 

4.2.2 DISCUSSION 
 

Sugarcane is a C4 plant, originated from tropical climates and grows at relatively higher 

temperature (30-33oC) than temperate region C3 plants. Thus it shows more sensitivity to low 

temperature stress as compared to high temperature (Wahid et al., 2009b). In Pakistan, sugarcane 

bud chips are sown usually in the months of February and March, when the temperature for 

sugarcane growth is often lower than that required for optimum growth; thus low temperature 

being a stress factor for sugarcane sprouting. Some studies show that stress tolerance in 

sugarcane can be improved by presowing treatment of buds with osmoprotectants (Grover et al., 

1999; Verbruggen and Hermans, 2008; Farooq et al., 2009). In this research, the effect of 15oC 

on the sugarcane sprouting buds and effectiveness of GB and proline in reducing the low 

temperature stress was studied. Results revealed no great differences in the fresh weight of buds 

showing that cold stress did not much influence the fresh weight of buds (Fig. 16). This is likely 

in view of the fact that, contrary to heat stress, cold stress does not act like a dehydrative force 

(Farooq et al., 2009). However, no clear difference were noted amongst the treatments for the 

changes in the dry weight of buds, although pretreatment with GB and proline was effective in 

enhancing this attribute at later time points (Fig. 17). These data suggested that cold stress does 
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not have osmotic strain on the buds rather it affects the fundamental physiological phenomena 

independent of water stress. 

 Like many other environmental stresses, production of ROS is an important facet of low 

temperature stress (Hasegawa et al., 2000; Kratsch and Wise, 2000; Xing and Rajashekar, 2001; 

Guo et al., 2006). In this experiment, low temperature stress caused a linear increase in the level 

of H2O2 (Fig. 18), an important and relatively long-lived ROS (Hasegawa et al., 2000). Both GB 

Table 2: Correlation of dry weight and some physiological attributes with the development of 
buds as affected by various treatments at 8 and 48 h after exposure to cold stress  
 

X-variable Y- variable 8 h 48 h
Dry weight Hydrogen peroxide 0.479ns -0.772ns
 Proline 0.147ns -0.250ns
 Glycinebetaine 0.677ns 0.421ns
 Soluble sugars 0.074ns -0.416ns
 K+ -0.597ns 0.767ns
 Ca2+ -0.158ns 0.825*
 Number of differentiated leaves 0.486ns 0.933**
 Width of differentiating leaves -0.030ns 0.854*
 Number of mesophyll cell -0.004ns 0.884*
 Area of individual mesophyll cells -0.012ns 0.799ns
 Number of vascular bundle per leaf -0.179ns 0.846*
 Area of vascular bundles -0.062ns 0.862*
Hydrogen peroxide Number of differentiating leaves 0.991ns -0.903*
 Width of differentiating leaves 0.696ns -0.977**
 Number of mesophyll cell 0.100ns -0.956**
 Area of individual mesophyll cells 0.738ns -0.976**
 Number of vascular bundle per leaf 0.490ns -0.956**
 Area of vascular bundles 0.297ns -0.921*
Proline Number of differentiating leaves 0.258ns -0.519ns
 Width of differentiating leaves 0.134ns -0.389ns
 Number of mesophyll cell -0.585ns -0.393ns
 Area of individual mesophyll cells 0.514ns -0.342ns
 Number of vascular bundle per leaf 0.272ns -0.471ns
 Area of vascular bundles -0.125ns -0.464ns
Glycinebetaine Number of differentiating leaves 0.264ns 0.185ns
 Width of differentiating leaves 0.284ns -0.065ns
 Number of mesophyll cell 0.428ns -0.037ns
 Area of individual mesophyll cells 0.085ns -0.077ns
 Number of vascular bundle per leaf -0.071ns -0.025ns
 Area of vascular bundles 0.292ns -0.019ns
Soluble sugars Number of differentiating leaves -0.560ns -0.700ns
 Width of differentiating leaves -0.987** -0.739ns
 Number of mesophyll cell -0.563ns -0.737ns
 Area of individual mesophyll cells -0.791ns -0.643ns
 Number of vascular bundle per leaf -0.806ns -0.666ns
 Area of vascular bundles -0.802ns -0.809ns
K+ Number of differentiated leaves -0.184ns 0.858*
 Width of differentiating leaves 0.457ns 0.873*
 Number of mesophyll cell 0.796ns 0.881*
 Area of individual mesophyll cells 0.033ns 0.889*
 Number of vascular bundle per leaf 0.531ns 0.974**
 Area of vascular bundles 0.736ns 0.802ns
Ca2+ Number of differentiated leaves 0.509ns 0.806ns
 Width of differentiating leaves 0.477ns 0.643ns
 Number of mesophyll cell 0.572ns 0.740ns
 Area of individual mesophyll cells 0.185ns 0.559ns
 Number of vascular bundle per leaf 0.367ns 0.828*
 Area of vascular bundles 0.402ns 0.687ns

 
Significant at ** P<0.01, * P<0.05 and ns non-significant 
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and proline were effective in reducing the level of H2O2, which indicated their specific role in 

upregulating the antioxidative system as suggested earlier by many workers (Sakamoto and 

Murata, 2002; Serraj and Sinclair, 2002). Determination of changes in the levels of GB and free 

proline indicated their higher and persistent levels upon bud pretreatment, which showed that 

these compounds were not utilized, rather prevailing low temperature condition further increased 

their accumulation (Fig. 19-20), and appeared to protect the cellular structures from the cold 

damage (Farooq et al., 2009). The role of proline and GB is likely to be alleviation of oxidative 

damage, since pretreatment with proline and GB led to reduced production of H2O2 over time. 

An important facet of cold stress is slowing down the physiological phenomena such as 

reduced activities of membrane transporters, leading to reduced acquisition and translocation of 

mineral nutrients (Taiz and Zeiger, 2006). Here changes in the accumulation of K+ and Ca2+ were 

monitored. It was important to note that cold stress declined the level of K+ in untreated buds but 

pretreatment with both proline and GB improved it (Fig. 22). Likewise, Ca2+ indicated a 

declining trend under cold stress, while GB pretreatment improved it the most and greater than 

the control, while proline was not as effective (Fig. 23). Both these ions have protective role and 

they stabilize the membranes against low temperature injury (Zhu, 2003; Farooq et al., 2009). 

These findings suggested that the GB had a more profound role than proline in assissting the 

sugarcane buds to withstand cold stress. 

Immature bud in sugarcane is a mass of vegetative cells, which differentiate into the 

leaves when sprout (Alexander, 1973). Sprouting of buds linked to the expansion of 

differentiating leaves and formation of vascular connections determines the vigor of the seedling. 

No study is available on the development of various tissues of sugarcane bud from immature to 

mature state under normal or stressful conditions. Changes were monitored in the GB and proline 

treated or untreated sugarcane buds under cold stress, which indicated that there was a 

progressive development of various tissues including the number and expansion of 

differentiating leaves (Fig. 24, 25), number and area of mesophyll cells (Fig. 26, 27) and number 

and area of vascular bundles (Fig. 28, 29). There was a great effect of cold stress on these 

attributes while treatement with proline and GB had well pronounced effect in improving the 

development of these structures (Fig. 30). An exception was the area of mesophyll cells, where 

proline was more effective than GB (Fig. 27). Main effect of cold stress was to reduce the 
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expansion of mesophyll cells and number of vascular bundles, whilst both the osmoprotectants 

were promising in improving these parameters.  

Finding meaningful relationships of various parameters highlight the type of association 

and their potential in changing one another (Steel et al., 1996). The relationships were developed 

Fig. 30: Pictorial representation of the changes in the development of various cells and tissues in 
the transverse sections of buds under control (left panel) and cold stress (right panel) conditions 
after 36 h. The buds were treated with water (control) and 20 mM solution each of proline and 
glycinebetaine (treated). MC, mesophyll cells; VB vescular bundles; EL, elongating bud leaves
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in pretreatment of buds and effect of cold stress at 8 h and 48 h time points. These relationships 

were non-significant at 8 h for all attributes except a negative relationship of soluble sugars with 

width of differentiating leaves. However, at 48 h presence of positive correlations in dry weight 

and Ca2+ contents, number and width of differentiating leaves number of mesophyll cells and 

number and area of vascular bundles suggested that bud pretreatment triggered maintenance of 

requisite levels of Ca2+ and led to a greater development of buds as compared to untreated buds 

under clod stress. Presence of a negative correlation of H2O2 with developing bud tissues 

indicated the alleviation of oxidative damage by pretreatment with proline and GB. However, 

positive relationship of K+ with all the bud structures revealed the specific role of K+ in 

protection of bud tissues from low temperature stress by repair of physiological and biochemical 

phenomena, since it acts as a cofactor in many enzyme activities (Flowers et al., 1977; Leigh et 

al., 1981; Anderson et al, 1992). No correlations of free proline, GB or sugars with dry weight or 

differentiation of the bud tissues revealed their indirect roles in the low temperature tolerance of 

sugarcane. 

In conclusion, cold stress registered oxidative damage, while sett pretreatment with GB 

and proline only partially counteracted the effect of cold stress by enhancing the tissue levels of 

K+ and Ca2+, and reducing the H2O2 production. The correlation data revealed that pretreatment 

with the osmoprotectants in this study might have no direct roles in improving bud growth under 

low temperature regimes. These findings suggest that pretreatment of sugarcane buds at the used 

levels can be employed to accomplish requisite plant density in the field in relatively cool 

season. 
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4.3 SALINITY (SALT) STRESS 
 

Increased salinity of the soils is a great globe-wide threat to crop production. Arising as a result 

of high concentration of toxic ions in the growth media, salinity has multiple effects on the plant 

growth and development ranging from ultrastructural levels to whole plant levels. Initial 

developmental stages like seed germination or bud sprouting are especially more sensitive to salt 

stress. The effect of salt stress can be minimized with the use of stress alleviating agents such as 

low molecular weight osmoprotectants. Results of the experiment on the influence of NaCl 

salinity (120 mM) on growth, physiological and developmental phenomena of sprouting buds 

and the role of GB and proline in reducing the damaging effecting of salinity are given below. 
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4.3.1 RESULTS 
 

4.3.1.1 Changes in biomass of buds under salt stress 
 

a. Bud fresh weight 

Data revealed significant differences in time points, various treatments and with a significant 

interaction of both time points and treatments. There was a time course increase in the fresh 

weight of buds in all the treatments. Data showed that under control condition, time-related 

increase in fresh weight was equivalent between the untreated and treated sugarcane buds. Under 

salinity stress, untreated buds exhibited the lowest bud fresh weight, which improved with the 

exogenous application of proline and GB. In this case again GB was more effective (Fig. 31). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 1.060 <0.01** 
Treatments (T) 5 0.283 <0.01** 
H × T 25 0.031 <0.05* 
Error 72 0.017  
 
Fig. 31: Fresh weight of sugarcane buds under salinity stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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b. Bud dry weight 

There were significant differences in time points and various treatments with no significant 

interaction of these factors. There was a time course increase in the dry weight of buds in all the 

treatments. The difference between the controls and treatments is very small; they overlap, for 

both stressed and unstressed. Under salinity stress, untreated buds showed the lowest dry weight 

of buds, which gradually improved with the exogenous application of both proline and GB (Fig. 

32). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 0.069 >0.05** 
Treatments (T) 5 0.011 >0.05** 
H × T 25 0.001 >0.05ns 
Error 72 0.002  
 
Fig. 32: Dry weight of sugarcane buds under salinity stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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4.3.1.2 Physiological changes sprouting buds 

 

a. Hydrogen peroxide accumulation 

Analysis of data revealed significant difference in the time points and various treatments with a 

significant interaction of these factors. Under control condition, the H2O2 contents were lowest in 

GB treated buds followed by proline and untreated control buds at all time periods. However, 

under salt stress the untreated buds showed a linear accumulation of H2O2, while pretreatment 

with proline and GB effectively reduced the H2O2 accumulation. Of the osmoprotectants, GB 

was more effective than proline in reducing the H2O2 concentrations (Fig. 33). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 56.34 <0.01** 
Treatments (T) 5 402.09 <0.01** 
H × T 25 24.69 <0.01** 
Error 72 3.47  
 
Fig. 33: Hydrogen peroxide (H2O2) concentration in sugarcane buds under 
salinity stress and changes produced in it by pretreatment with 20 mM 
levels of proline and glycinebetaine 
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b. Free proline 

Data showed significant differences in the time points and treatments; also there was a 

significant interaction of time points and various treatments for free proline accumulation. 

Treatment with GB did not enhance proline production at control conditions but there was 

enhanced accumulation under saline conditions, especially after the first 24h. Treatment with 

proline provided the highest concentrations at control conditions, but was further increased 

(though not time related) by saline conditions (Fig. 34).  
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 23.71 <0.01** 
Treatments (T) 5 814.11 <0.01** 
H × T 25 4.28 <0.01** 
Error 72 1.38  
 
Fig. 34: Free proline concentration in sugarcane buds under salinity stress 
and changes produced in it by pretreatment with 20 mM levels of proline 
and glycinebetaine 
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c. Glycinebetaine 

Analysis of data indicated significant differences in the time points and treatments with a 

significant interaction of time points and various treatments for GB accumulation. GB 

production was nearly linear over the time course for controls (±saline stress) and proline treated 

buds (±saline stress). However despite the external application of GB both control and GB 

treated buds (±saline stress) accumulated about 25% more GB over time (Fig. 35). 
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Hours (H) 5 18.63 <0.01** 
Treatments (T) 5 822.08 <0.01** 
H × T 25 9.63 <0.01** 
Error 72 3.44  
 
Fig. 35: Glycinebetaine (GB) concentration in sugarcane buds under 
salinity stress and changes produced in it by pretreatment with 20 mM 
levels of proline and glycinebetaine 
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d. Soluble sugars 

There were significant differences in the time points and various treatments, and a significant 

interaction of both these factors was also evident for soluble sugars. Under control condition, the 

prtreated or untreated buds did not differ significantly for the accumulation of soluble sugars. 

However, under salt stress although the treated and untreated buds indicated a time course 

accumulation of soluble sugars, their concentration was the highest in proline followed by GB 

treated buds (Fig. 36). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 677.63 <0.01** 
Treatments (T) 5 2941.55 <0.01** 
H × T 25 171.42 <0.01** 
Error 72 36.15  
 
Fig. 36: Soluble sugars concentration of sugarcane buds under salinity 
stress and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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e. Na+ accumulation 

The accumulation of Na+ in the buds differed significantly with the time points and various 

treatments, with a significant interaction of both these factors. Under control condition, Na+ 

accumulation was the lowest and not virtually different in untreated and treated buds. Salt 

stress indicated a linear increase in the Na+ contents in untreated buds, while pretreatment with 

GB and proline was almost equally effective in reducing the Na+ accumulation of buds in a time 

course manner (Fig. 37). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 128.28 <0.01** 
Treatments (T) 5 1709.62 <0.01** 
H × T 25 29.95 <0.01** 
Error 72 2.52  
 
Fig. 37: Sodium ion (Na+) contents of sugarcane buds under salinity stress 
and changes produced in it by pretreatment with 20 mM levels of proline 
and glycinebetaine 
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f. K+ accumulation  

The accumulation of K+ in the buds differed significantly over the time points and in various 

treatments along with a significant interaction of both these factors. Under control condition, the 

results are not significantly different however upretreated buds had slightly greater K+ 

accumulation than GB and proline treated buds. However, on the other hand, salinity stress 

caused a greater and linear reduction in the K+ contents of the control buds, while both GB 

followed proline were effective in improving the K+ contents of buds under salt stress (Fig. 38). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 60.31 <0.01** 
Treatments (T) 5 1286.18 <0.01** 
H × T 25 15.25 <0.01** 
Error 72 6.21  
 
Fig. 38: Potassium ion (K+) contents of sugarcane buds under salinity 
stress and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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g. K+/Na+ ratio 

Data indicated significant difference in the K+/Na+ ratio over time points and in various 

treatments along with a significant interaction of these factors. Under control condition, both GB 

and proline treated buds indicated no differences for their K+/Na+ ratio than untreated buds. 

However, salinity stress severely declined this ratio, and a maximum decline was noted in 

untreated buds (Fig. 39). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 0.84 <0.01** 
Treatments (T) 5 160.60 <0.01** 
H × T 25 0.27 <0.05** 
Error 72 0.13  
 
Fig. 39: K+/Na+ ratio of sugarcane buds under salinity stress and changes 
produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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h. Ca2+ accumulation 

Statistical analysis of data showed that Ca2+ accumulation in the buds differed non-significantly 

with time points but significantly with treatments, while there was a significant interaction of 

time points and treatments. While proline improved Ca2+ accumulation it was not improved to 

the same extent as that observed with GB treatment. GB treated buds had similar Ca2+ levels as 

that observed in control plants (Fig. 40). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 0.70 >0.05ns 
Treatments (T) 5 8.90 <0.01** 
H × T 25 0.60 <0.05* 
Error 72 0.32  
 
Fig. 40: Calcium ion (Ca2+) contents of sugarcane buds under salinity 
stress and changes produced in it by pretreatment with 20 mM levels of 
proline and glycinebetaine 
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i. Cl− accumulation 

The Cl- accumulation in the buds differed significantly at various time points and various 

treatments, with a significant interaction of both these factors. Under control condition, Cl- 

accumulation was the lower but similar in the GB and proline treated than untreated buds. Salt 

stress induced a linear increase in the Cl- contents in untreated buds, while pretreatment with GB 

and proline was equally effective in reducing the Cl- accumulation in the buds in a time 

dependent manner (Fig. 41). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 23.13 0.01** 
Treatments (T) 5 562.54 0.01** 
H × T 25 6.29 0.01** 
Error 72 1.84  
 
Fig. 41: Chloride ion (Cl-) contents of sugarcane buds under salinity stress 
and changes produced in it by pretreatment with 20 mM levels of proline 
and glycinebetaine 
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4.3.1.3 Developmental changes in sprouting buds 

 

a. Number of differentiated leaves 

Data indicated significant differences in the time points and treatments with a significant 

interaction of both these factors. Although differentiation of leaves progressed with time, there 

was no great difference in the treatments at 8 and 16 h time periods, but these differences became 

evident later on. For the control conditions the treatments were similar. Applied salinity 

substantially decreased the leaves differentiation in untreated buds while pretreatment with GB 

and proline was equally effective in enhancing the differentiation of leaves under salt stress (Fig. 

42). 
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Hours (H) 5 47.87 <0.01** 
Treatments (T) 5 6.18 <0.01** 
H × T 25 0.48 <0.01** 
Error 72 0.17  
 
Fig. 42: Number of differentiated leaves in the sprouting sugarcane buds 
under salt stress and changes produced in it by pretreatment with 20 mM 
levels of proline and glycinebetaine 
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b. Width of differentiated leaves 

There were significant differences in the time points and various treatments with significant 

interaction of both these factors for the maximum width of differentiated leaves. The width of 

differentiating leaves increased with time in all the treatments, under control and salinity stress. 

Under control condition, pretreatment with both GB and proline increased leaf width greater than 

that of untreated buds. Under salinity stress, however, the increased in leaf width was slightly 

better in GB treated bud than proline treated or untreated buds (Fig. 43). 
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Variance sources DF Mean squares (×103) Significance (P) 
Hours (H) 5 247.08 <0.01** 
Treatments (T) 5 138.29 <0.01** 
H × T 25 9.84 <0.01** 
Error 72 0.41  
 
Fig. 43: Maximum width of differentiating leaves in the sprouting 
sugarcane buds under salt stress and changes produced in it by pretreatment 
with 20 mM levels of proline and glycinebetaine 
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c. Number of mesophyll cells 

Statistical treatment of data indicated significant differences in the time points, various 

treatments and a significant interaction of both these factors. Number of mesophyll cells 

increased in all treatments but this increase was greater in control buds, where no difference was 

noted in the treated or untreated buds. However, under salinity stress the untreated buds indicated 

the lowest number of mesophyll cells than the treated ones. Both GB and proline were almost 

equally effective increasing this number (Fig. 44). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 53.72 <0.01** 
Treatments (T) 5 30.26 <0.01** 
H × T 25 1.54 <0.01** 
Error 72 0.41  
 
Fig. 44: Number of mesophyll cell between upper and lower epidermis in 
the differentiating leaves of sprouting sugarcane buds under cold stress and 
changes produced in it by pretreatment with 20 mM levels of proline and 
glycinebetaine 
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d. Area of mesophyll cells 

Analysis of data manifested significant differences in the time points, various treatments together 

along with a significant interaction of both these factors. Under control condition, the area of 

individual mesophyll cells was higher in the treated buds as compared to untreated buds at all 

time points. However, under salt stress this area was relatively lower in the untreated bud while 

GB and proline were effective in slightly improving it at all time points. The improvement 

produced by GB was just better than the proline pretreatment (Fig. 45). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 15606.76 <0.01** 
Treatments (T) 5 6331.34 <0.01** 
H × T 25 235.56 <0.01** 
Error 72 85.51  
 
Fig. 45: Area of individual mesophyll cells of the differentiating leaves of 
sprouting sugarcane buds under salt stress and changes produced in it by 
pretreatment with 20 mM levels of proline and glycinebetaine 
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e. Number of vascular bundle per leaf 

There were significant differences in the time points and treatments with a significant interaction 

of these factors for number of vascular bundles per leaf. Under control condition, this number 

was lower in untreated buds but pretreatment with proline and GB produced some improvement. 

Although applied salinity stress reduced this number, bud pretreatment with GB and proline was 

effective in enhancing this number; the former being more effective than the latter (Fig. 46). 
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Variance sources DF Mean squares Significance (P) 
Hours (H) 5 52.71 <0.01** 
Treatments (T) 5 20.30 <0.01** 
H × T 25 0.45 <0.01** 
Error 72 0.15  
 
Fig. 46: Number of vascular bundle per leaf of differentiating leaves of 
sprouting sugarcane buds under salt stress and changes produced in it by 
pretreatment with 20 mM levels of proline and glycinebetaine 
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f. Area of vascular bundles 

Analysis of data indicated significant difference in the time points and treatments for the changes 

in area of vascular bundles with significant interaction of both these factors. Although increased 

in all treatments in a time related manner, the untreated buds indicated lowest value of this 

attribute, GB and proline, both being equally effective under control conditions. However, under 

salinity stress, pretreatment with GB was more effective than proline in increasing the vascular 

bundler area up at all time points (Fig. 47). 
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Hours (H) 5 1458.69 <0.01** 
Treatments (T) 5 450.81 <0.01** 
H × T 25 31.01 <0.01** 
Error 72 5.37  
 
Fig. 47: Area of vascular bundles of the differentiating leaves of sprouting 
sugarcane buds under salt stress and changes produced in it by pretreatment 
with 20 mM levels of proline and glycinebetaine 
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4.3.1.4 Correlation 
 

To find the implication of the changes in growth, physiological and developmental attributes 

some correlations were established at initial (8 h) and final (48 h) time points (Table 3). At 8 h 

time point, dry weight was positively correlated with number of mesophyll cells; both K+ 

contents and K+/Na+ ratio had positive relationship with area of mesophyll cells and number and 

area of vascular bundles, while Cl- was negatively correlated with area of mesophyll cells and 

number of vascular bundles. On the other hand at 48 h, dry weight was positively related to K+, 

K+/Na+ ratio, Ca2+, and all the bud developmental attributes but negatively with Na+ and Cl-. 

H2O2, Na+ and Cl- and soluble sugars were negatively correlated with all the bud developmental 

attributes, except for no relationship of soluble sugars with number of differentiating leaves. K+, 

K+/Na+ ratio and Ca2+ were positively correlated to all the bud developmental attributes except 

for the number of differentiating leaves for K+ and K+/Na+ ratio and number of differentiating 

leaves and area of vascular bundles for Ca2+ (Table 3). 
 

4.3.2 DISCUSSION 
 

Soil salinity, due to its multifarious effects, is a great threat to plant growth and productivity 

throughout the globe and it affects all aspects of plant growth and development (Pessarakli and 

Szabolcs, 1999). Planting materials when sown in the soil are in direct contact with the soil 

solution and if the soil solution is saline, the excess of ions are inevitably absorbed, and damage 

the germinating seed or sprouting vegetative tissues, culminating in reduced seedling population 

and crop stand (Abrol et al., 1988). In Pakistan, sugarcane is raised by planting the stem nodal 

buds. That is a vegetative tissue that is affected in almost the similar way as does the seed during 

germination (Wahid et al., 2009b). Studies show that sugarcane seedling density in the saline 

soils can be improved by presowing treatment of setts with appropriate chemicals (Ashraf and 

Foolad, 2007; Farooq et al., 2009). In line with the previous studies (Rozeff, 1998; Akhtar et al., 

2003), this study also noted that applied salinity (120 mM) influenced the fresh and dry weight 

of sprouting buds of sugarcane (Fig. 31, 32). Sett pretreatment with proline and GB significantly 

improved these attributes, while proline was more effective in enhancing fresh weight. GB 

improved dry weight (Fig. 31, 32). This showed that both osmoprotectants improved the 

development of buds.  
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Table 3: Correlation of dry weight and some physiological attributes with the development of buds as affected by 
various treatments at 8 and 48 h after exposure to salt stress  
 

X-variable Y- variable 8 h 48 h
Dry weight Hydrogen peroxide -0.116ns -0.959**
 Proline 0.411ns -0.271ns
 Glycinebetaine 0.743ns 0.103ns
 Soluble sugars 0.801ns -0.797ns
 Na+ 0.193ns -0.965**
 K+ -0.209ns 0.939**
 K+/Na+ ratio -0.156ns 0.928**
 Ca2+ -0.370ns 0.849*
 Cl- 0.118ns -0.962**
 Number of differentiated leaves 0.656ns 0.950**
 Width of differentiating leaves 0.399ns 0.974**
 Number of mesophyll cell 0.814* 0.989**
 Area of individual mesophyll cells -0.251ns 0.957**
 Number of vascular bundle per leaf -0.238ns 0.964**
 Area of vascular bundles 0.042ns 0.943**
Hydrogen peroxide Number of differentiating leaves -0.116ns -0.915**
 Width of differentiating leaves -0.701ns -0.928**
 Number of mesophyll cell -0.563ns -0.971**
 Area of individual mesophyll cells -0.597ns -0.917**
 Number of vascular bundle per leaf -0.616ns -0.971**
 Area of vascular bundles -0.779ns -0.885*
Proline Number of differentiating leaves 0.328ns -0.160ns
 Width of differentiating leaves 0.004ns -0.360ns
 Number of mesophyll cell 0.303ns -0.332ns
 Area of individual mesophyll cells -0.282ns -0.360ns
 Number of vascular bundle per leaf -0.524ns -0.367ns
 Area of vascular bundles -0.238ns -0.308ns
Glycinebetaine Number of differentiating leaves 0.364ns 0.378ns
 Width of differentiating leaves 0.268ns 0.112ns
 Number of mesophyll cell 0.605ns 0.099ns
 Area of individual mesophyll cells -0.224ns 0.103ns
 Number of vascular bundle per leaf -0.008ns 0.091ns
 Area of vascular bundles -0.302ns 0.022ns
Soluble sugars Number of differentiating leaves 0.432ns -0.635ns
 Width of differentiating leaves -0.021ns -0.878*
 Number of mesophyll cell 0.478ns -0.842*
 Area of individual mesophyll cells -0.559ns -0.887*
 Number of vascular bundle per leaf -0.712ns -0.856*
 Area of vascular bundles -0.414ns -0.895*
Na+ Number of differentiating leaves -0.148ns -0.851*
 Width of differentiating leaves -0.720ns -0.973**
 Number of mesophyll cell -0.343ns -0.984**
 Area of individual mesophyll cells -0.859* -0.969**
 Number of vascular bundle per leaf -0.930** -0.983**
 Area of vascular bundles -0.935** -0.963**
K+ Number of differentiated leaves 0.223ns 0.793ns
 Width of differentiating leaves 0.767ns 0.946**
 Number of mesophyll cell 0.358ns 0.959**
 Area of individual mesophyll cells 0.929** 0.941**
 Number of vascular bundle per leaf 0.947** 0.960**
 Area of vascular bundles 0.961** 0.938**
K+/Na+ ratio Number of differentiated leaves 0.171ns 0.808ns
 Width of differentiating leaves 0.748ns 0.967**
 Number of mesophyll cell 0.380ns 0.946**
 Area of individual mesophyll cells 0.863* 0.967**
 Number of vascular bundle per leaf 0.937** 0.938**
 Area of vascular bundles 0.948** 0.978**
Ca2+ Number of differentiated leaves -0.509ns 0.736ns
 Width of differentiating leaves 0.176ns 0.849*
 Number of mesophyll cell -0.060ns 0.899*
 Area of individual mesophyll cells 0.364ns 0.846*
 Number of vascular bundle per leaf 0.432ns 0.931**
 Area of vascular bundles 0.583ns 0.799ns
Cl- Area of vascular bundles -0.162ns -0.859*
 Number of differentiated leaves -0.702ns -0.971**
 Width of differentiating leaves -0.363ns -0.985**
 Number of mesophyll cell -0.791ns -0.970**
 Area of individual mesophyll cells -0.838* -0.989**
 Number of vascular bundle per leaf -0.929** -0.963**
 Area of vascular bundles -0.116ns -0.915*

 

Significant at ** P<0.01, * P<0.05 and ns non-significant 
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 The bud tissue was further examined for changes in the H2O2 production, GB, free 

proline and soluble sugars levels, since their accumulation has been associated with salinity 

tolerance of number of plant species (Yancey, 1994; Bohnert and Jensen, 1996; Yang and Lu, 

2005; Ashraf and Foolad, 2007; Raza et al., 2007), but comparative information is restricted for 

sugarcane buds subjected to salinity stress. Results of this study revealed that there was a high 

levels of H2O2 production in the salinity stressed untreated buds, while bud pretreatment with 

proline was comparatively more effective in substantially reducing the H2O2 synthesis than GB 

at all time points (Fig. 33).  Reports show that both proline and GB scavenge the ROS primarily 

by the enhanced activities of antioxidants (Cuin and Shabala, 2007; Ashraf and Foolad, 2007; 

Hoque et al., 2008; Kaul et al., 2008). A drastic reduction in the H2O2 level in this study might 

be due to reprogramming of the induction of antioxidants genes.  

 Proline treated buds in this study indicated a steady state level of free proline although 

the extent of accumulation was much higher under salt stress, whilst untreated buds showed a 

meagre accumulation (Fig. 34). GB treated salt stressed buds also showed an increasing trend of 

proline accumulation. On the other hand, pretreatment with GB indicated an increasing trend of 

GB accumulation both under saline and non-saline conditions, although this accumulation was 

greater under non-saline condition, while pretreatment with proline indicated a small decline in 

the GB accumulation with time (Fig. 35). Soluble sugars, showing no changes among the 

treatments under non-saline condition, indicated an enhanced accumulation under salinity stress, 

irrespective of the pretreatment of buds (Fig. 36). Accumulation of free proline, GB and soluble 

sugars in plants subjected to salt stress is widely reported in literature (Rhodes and Hanson, 

1993; Kavi Kishore et al., 2005), but this is perhaps the first report on the sugarcane buds. The 

maintenance of steady state level of free proline and increased accumulation of GB and soluble 

sugars in this study suggests that proline and GB pretreatment strategy adopted here was quite 

effective in inducing salt tolerance in sugarcane. 

 Plants subjected to salinity stress show build up of toxic ions together with a concomitant 

reduction in the levels of essential nutrients in various crops (Gratten and Grieve, 1999; 

Pessarakli and Szabolcs, 1999; Zhu, 2002) including sugarcane sprouts (Wahid et al., 1997b; 

Akhtar et al., 2003). These data showed a time course accumulation of Na+ and Cl-, with a 

concomitant reduction in the level of K+, K+/Na+ ratio and Ca2+, whilst pretreatment with proline 

and GB counteracted the salinity effects by reducing the levels of Na+ and Cl- and improving the 
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K+, K+/Na+ ratio and Ca2+ contents (Fig. 37−41). It is important to note that GB was more 

effective than proline for Ca2+ and Cl-. Improved levels of K+, Ca2+ and K+/Na+ ratio under 

salinity stress are regarded as important criteria of salinity tolerance (Anderson et al., 1992; 

Hirsch et al., 1998). In a recent study, Wahid et al. (2009a) found a major role of nodal nutrients 

in the salinity tolerance of sugarcane during sprout production. Thus improvement in the levels 

of K+, K+/Na+ ratio and Ca2+ in a time course manner indicated the effectiveness of pretreatments 

with osmoprotectants in ion-regulation and salinity tolerance of sugarcane buds during sprouting. 

During immature stage, the bud tissue in sugarcane is a mass of undifferentiated 

vegetative cells, which differentiate into the leaves and lead to the production of seedlings 

(Alexander, 1973). This is a very sensitive stage and incidence of stressful conditions at this 

stage badly affects the differentiation of buds into seedling. This differentiation is associated 

initially to the expansion of bud leaves, formation of vascular connections and then the seedling 

formation. Proper differentiation of leaves and formation of vascular connections determines 

how vigorous a seedling is. The anatomical parameters determined were number of differentiated 

leaves (Fig. 42), width of differentiated leaves (Fig. 43), mesophyll cells number (Fig. 44) and 

area (Fig. 45), Vascular bundles number (Fig. 46) and area (Fig. 47). In this study it was noted 

that applied salinity, early during its induction, severely damaged the progressive development of 

all these tissues in the immature bud. Although pretreatment with both proline and GB was 

effective, the latter was more effective in the development of all structures except the area of 

vascular bundles (Fig. 48). The restricted and delayed development of bud tissues due to salinity 

in transformation to mature state is in harmony with the effects of salinity on the production of 

cells in the meristematic regions and expansion of mature tissues. 

Plants show coordinated development of various tissues, and establishing correlations of 

various growth and physiological parameters is a pragmatic way to determine this coordinated 

development. In this study, the correlations were developed in pretreatment of buds and effect of 

salinity stress at 8 h and 48 h old bud tissues across the treatments. At 8 h, although these 

relationships were non-significant between quite a few parameters, there was positive correlation 

of dry weight with number of mesophyll cells.  
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Area of individual mesophyll cells, number and area of vascular bundles indicated 

positive correlation with K+ and K+/Na+ ratio but negative with Na+ and Cl- contents, except no 

correlation of Cl- with area of vascular bundles (Table 3), which suggested the role of these 

Fig. 48: Pictorial representation of the changes in the development of various cells and tissues in 
the transverse sections of buds under control (left panel) and salt stress (right panel) conditions 
after 36 h. The buds were treated with water (control) and 20 mM solution each of proline and 
glycinebetaine (treated). MC, mesophyll cells; VB vescular bundles; EL, elongating bud leaves
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essential nutrients in the developmental of buds. On the other hand, at 48 h presence of positive 

relationships of dry weight and most of the bud developmental attributes with K+, K+/Na+ ratio 

and Ca2+ contents indicated that these nutrients play a crucial role in the growth and development 

of buds both under saline and non-saline conditions. Presence of negative correlations of bud 

developmental parameters Na+ and Cl- indicated their toxicity while negative correlation of H2O2 

on the bud tissues and its positive correlations with Na+ (r = 0.840; n = 6) and Cl- (r = 0.840; n = 

6) showed the prevalence of both Na+ and Cl- toxicity induced oxidative stress on the maturing 

sugarcane buds. 

In conclusion, toxicity induced by Na+ and Cl- and its associated generation of oxidative 

stress due to H2O2 was a major cause of hampered bud growth. However, sett pretreatment with 

GB and  proline were capable of partial alleviation of salinity stress effect with the increased 

contents of K+ and Ca2+, improved K+/Na+ ratio and reduced production of H2O2. The presence 

of no correlation of dry weight and bud tissues with the changes in the levels of osmoprotectants 

under non-saline and saline conditions indicated that although pretreatment with proline and GB 

had no direct involvement in salinity tolerance they produced considerable improvement in the 

physiological, growth and bud development. Nonetheless, role of K+ and Ca2+ remained crucial 

in the salinity tolerance of sugarcane buds during sprouting. 
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STUDIES CONDUCTED AT CSIRO, AUSTRALIA 
 

High temperature is a global issue and hampers plant productivity to a significant extent. 

Keeping view its importance these studies on the biochemical and molecular aspects of 

sugarcane buds sprouting at CSIRO, Australia. A range of metabolites were analyzed and 

expression pattern of glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH), asparagines 

gene (ASN), dehydrin gene (DHN), late embryogenesis abundant gene (LEA), ornithine amino 

transferase gene (OAT), zipper gene (ZIP), pyrroline-5-carboxylate synthetase gene (P5CS), 

proline oxidase gene (POX) and putative translation starter gene (PST5). These genes were 

expected to have a significant role on high temperature tolerance of sugarcane. Results of these 

studies have been elaborated below: 
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4.4.1 RESULTS 

 

a. Experiment-1 

For both the cultivars, 42oC seemed to be detrimental for bud sprouting, but KQ228A showed a 

better ability to withstand short term exposure to high temperature stress. Although both the 

cultivars indicated optimum sprouting and subsequent growth of sprouts at 30oC, high 

temperature (42oC) treatment of bud chips completely inhibited sprout production in Q200, while 

KQ228 showed sprouting at 5 day but not at 10 and 15 d (data not given). In this experiment at 

30oC, the shoot lengths (both 1 & 2), of Q200 were better than KQ228 (P<0.05), number of scale 

leaves and shoot dry weight increased over days (P<0.05), while there was no difference in 

number of foliage leaves and shoot fresh weight in both the cultivars. On the other hand, 

exposure of bud chips to 42oC completely inhibited the bud sprouting in Q200 while in KQ228, 

the buds sprouted only at 5 days of exposure to heat stress (Fig. 49a). 

 

b. Experiment-2 

This experiment was conducted to mimic a heat stress caused by a change in weather soon after 

planting, high temperature had no significant effect on sprouting, although an effect was evident 

on subsequent growth. At 42oC the number of leaves, scale leaves, shoot length (Fig. 49b), fresh 

and dry weights was reduced after 6 days exposure. Pre-treatment at 30oC played a protective 

role after 30 days of recovery to shoot length, number of leaves, fresh and dry weights compared 

to 42oC, but this effect was limited up to 4 days after pre-treatment. 

 

c. Experiment-3 

Temperatures of 30 and 42oC showed no significant effect on sprouting. However, long term 

exposure to 42oC produced significant reduction in fresh and dry weights of cultivar Q200 but 

not that of KQ228. Furthermore, there were significant (P<0.01) varietal difference in terms of 

length, fresh and dry weights of shoot (Fig. 49). In view of these findings, short term analysis 

was made for gene expression in both these varieties and metabolites analysis in KQ2008. 
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Fig. 49: Changes in some growth characteristics of one month old plants of two sugarcane 
cultivars. Before sowing the bud chips were treated with high temperature (42oC) for long-
term (left panel, a) and treated with 42oC and 30/42oC for medium-term (right panel, b) 
experiments, while the control bud chips were kept at 30oC in case of both the experiments
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Gene expression: Relative fold changes in some stress genes with respect to 25s rRNA gene 

indicated the differential expression of various genes; some being upregulated while others down 

regulated (Fig. 50). Both KQ228 and Q200 indicated a similar expression pattern of all genes in 

the bud chips at 25oC, although the expression level was lower in Q200. Pre-treatment of the 

buds at 30oC for 24 h indicated the expression of DHNs and GAPDH genes followed by ASN 

gene, while no such expression was noted in Q200, except GAPDH gene, which showed some 

expression. At 30oC for 48 h, the expression pattern of all the genes in both the varieties was 

similar, except GAPDH, which was more strongly expressed in Q200 but only weakly in 

KQ228. A temperature of 42oC for 24 h led to some expression of three genes including DHN, 

PST5 and GAPDH in both the varieties, although the expression level of GAPDH was stronger 

in Q228. However, at 42oC for 48 h, no gene showed a remarkable expression in KQ228, but 

GAPDH was the only gene strongly upregulated in Q200 (Fig. 50). 
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Fig. 50: Changes in gene expression levels of bud chips at different temperatures at short time periods. 
The expression level was determined as relative fold change (RFC × 10-3) with reference to 25s rRNA 
gene 
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Amino acids profile: At 25oC and 0 h, concentrations of some amino acids e.g., Asp, Tyr, Trp, 

Thr, Ser and Phe indicated no accumulation whereas levels of Ala and Pro increased strongly. At 

30oC and 24 h, Ala, Pro and Gly, while at 30oC and 48 h, Gln, Pro and Ala indicated significant 

increase in their levels. Under heat stress, at 42oC at 24 and 48 h time points, Glu, Pro and Ala 

were the predominantly accumulated followed by Gly and 5-Oxopro. Rest of the amino acids did 

not show any significant change under control or heat stress conditions (Fig. 51). 

 

Sugars: Amongst a total of 20 sugars, sucrose was the most predominantly accumulated sugar at 

all temperatures, but its accumulation increased further at 30oC after 24 and 48 h. However, at 

42oC sucrose accumulation was lower than that observed at 30oC but greater than that at 25oC. 

Diethylene glycol was the second predominantly accumulated sugar but indicated no significant 

differences at various temperatures. Fructose, glucose and glycerol were among the other sugars 

showing higher accumulation under heat stress after sucrose and diethylene glycol. The rest of 

the sugars appeared to have no great accumulation under heat stress (Table 4). 

 

Nucleic acids: Analysis of nucleic acids indicated that guanine was the most accumulated under 

heat stress or non-stress condition, although it showed reduced levels at 30 and 42oC at 48 h. At 

42oC, adenosine displayed a higher synthesis at after 24 h while uracil after 48 h (Table 5). 
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Fig. 51: Changes in the concentration of amino acids of high temperature treated bud chips 



 

 115

 

Organic acids: Out of a total of 55 organic acids (OAs) analyzed in the bud chips, only a few (2-

aminoadipate, 2-oxogluconate, 4-coumatrate) showed an increase at 42oC at 48 h, oxalate and 

oleic acid) indicated no remarkable changes in their levels at 30 and 42oC compared to untreated 

buds at 25oC both after 24 and 48 h of treatment (Table 6). Levels of most OAs; 4-

hydroxybenzoate, trans-aconitate, threonate, tetradecanoate, succinate, sinapinate, salicylate, 

dodecanoate, ferulate, 

Table 4: Sugars profile of sugarcane variety KQ228 treated with 30 and 42oC for 24 and 48 hours. 
For comparison, the bud chips were also determined at 0 h at 25oC 
 
Metabolites 25oC 30oC 42oC 

 0 h 24 h 48 h 24 h 48 h 

1,6-anhydroglucose 0.31±0.03 1.68±1.06 1.57±0.79 0.58±0.07 0.64±0.12 

1-Monooctodecanoglycerol 14.97±3.54 63.79±41.35 102.46±64.10 21.48±2.55 20.39±1.06 
Arabinose 2.02±0.32 16.30±10.35 0.52±0.30 6.74±0.45 5.84±3.10 
Arabitol 2.16±0.25 9.44±6.53 9.75±5.85 3.10±0.10 3.95±0.38 
Xylose 4.02±0.73 19.17±12.49 39.53±22.14 8.39±0.53 12.39±1.74 

Threitol 1.06±0.27 10.52±8.05 17.47±10.69 4.17±0.09 3.46±0.05 

Sucrose 3353.07±328.59 7930.59±4523.28 10057.09±5941.55 4328.55±433.75 3735.49±314.33 
Sorbitol 4.35±1.69 3.30±1.98 8.28±5.21 1.20±0.04 2.04±0.28 
Ribose 0.05±0.03 0.16±0.11 0.43±0.28 0.10±0.02 0.16±0.03 
Diethylene_glycol 1707.47±693.74 1734.12±114.73 1689.46±158.68 1364.96±590.24 1792.15±121.85 
Digalactosylglycerol 0.10±0.06 1.95±1.38 2.20±1.25 3.50±0.83 6.55±1.38 
Fructose 163.87±35.05 407.78±255.81 1739.44±1075.71 227.14±11.85 1497.26±1162.45 

Fructose-6-P 0.55±0.07 2.44±1.64 5.12±3.09 0.82±0.09 0.93±0.02 

Galactose 22.22±3.50 39.93±24.79 44.78±25.47 29.67±1.16 36.37±3.09 

Glucose 209.79±28.94 458.05±279.85 1418.72±860.10 262.28±16.65 333.42±19.25 

Glucose-6-P 0.34±0.14 5.29±3.89 35.29±20.06 1.78±1.58 1.80±0.90 
Glycerol 130.45±13.11 253.72±27.23 74.94±3.12 222.99±9.93 109.86±24.43 
Glycerol-2-P 1.84±1.30 1.65±1.38 6.76±5.52 0.29±0.22 1.23±0.62 
Glycerol-3-P 0.45±0.26 17.41±15.06 77.04±62.19 4.31±4.13 12.40±6.24 
Glycerophosphoglycerol 1.31±0.26 5.32±3.53 41.49±20.91 1.63±0.59 3.43±0.52 
 
Table 5: Nucleic acid profile of sugarcane variety KQ228 treated with 30 and 42oC for 24 and 48 hours. 

For comparison, the bud chips were also determined at 0 h at 25oC 
 
Metabolites 0 h 24 h 48 h 
 25oC 30oC 42oC 30oC 42oC 
Adenosine 58.31±33.50 46.18±19.39 181.64±133.52 70.13±7.75 80.43±40.24
Uracil 63.38±23.09 59.91±6.26 32.72±11.73 57.64±0.32 110.70±3.35 
Guanine 4408.93±754.91 9353.32±3577.54 4927.61±161.78 1349.42±315.79 1834.33±293.61
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Table 6: Organic acids profile of sugarcane variety KQ228 treated with 30 and 42oC for 24 and 

48 h. For comparison, the bud chips were also determined at 0 h at 25oC 

 
Metabolites 0 h 24 h 48 h 
 25oC 30oC 42oC 30oC 42oC 
2-Aminoadipate 4.12±0.39 3.43±0.47 3.41±0.38 4.39±0.09 3.33±0.72 
2-Oxobutyrate 46.77±13.89 45.87±8.74 63.93±3.77 24.11±1.35 31.83±1.99 
2-Oxogluconate 41.30±16.84 41.92±17.06 49.49±22.48 50.56±26.49 37.63±20.33 
4-Coumarate 6.49±2.80 10.11±1.53 9.25±3.55 13.19±0.15 22.00±0.94 
4-Hydroxybenzoate 182.43±15.45 327.70±18.82 368.88±29.94 67.65±3.24 131.27±5.91 
Aconitate 22.17±14.14 567.37±227.23 132.89±96.10 1491.87±194.89 216.47±109.56 
Benzoate 92.46±48.10 18.90±1.98 22.95±10.51 7.68±0.76 56.60±47.85 
Citrate 61.91±10.18 75.74±1.74 92.43±8.42 18.93±3.98 27.83±2.55 
Chlorogenate 557.46±353.22 3965.56±638.50 1248.17±1112.33 5454.61±164.08 582.10±514.77 
Decanedioate 15.32±0.95 14.13±3.25 33.56±4.23 8.84±0.61 4.75±4.76 
trans-Aconitate 6475.38±668.16 10983.57±965.55 10829.60±1050.22 3707.39±1012.41 4395.29±554.99 
Threonate-1,4-lactone 5.00±2.15 10.37±0.94 4.13±1.62 10.32±0.71 5.56±0.11 
Threonate 12.82±1.83 22.39±1.26 33.43±2.26 9.21±1.20 14.63±0.20 
Tetradecanoate 433.50±24.70 699.62±71.20 885.28±130.78 147.06±8.24 310.03±43.88 
Succinate 83.73±5.23 146.81±9.77 125.15±6.69 47.08±8.83 52.50±3.96 
Sinapinate 40.85±4.95 85.41±8.03 87.96±9.37 19.37±4.49 34.48±4.98 
Shikimate 11.22±1.36 23.85±4.16 23.89±3.01 12.65±2.64 6.90±1.15 
Salicylate 53.71±5.85 88.73±5.26 89.19±5.26 24.97±5.94 37.11±3.59 
Ribonate_put 2.76±0.37 13.44±8.45 5.67±0.37 24.88±13.92 7.08±0.52 
Quinate 3035.18±1441.60 5371.14±342.98 4139.51±1465.98 6682.57±166.78 7396.48±260.21 
Pyrrole-2-carboxylate 107.30±62.02 46.54±23.11 77.41±43.83 21.88±3.02 53.63±26.15 
Pipecolate 27.57±10.58 44.70±5.20 31.28±11.47 78.05±1.22 68.04±4.32 
Phytanate 47.26±5.25 75.27±1.27 57.29±4.89 14.54±3.09 19.34±2.68 
Phosphate 1445.79±76.20 2397.48±22.02 3129.01±409.01 863.37±76.91 1371.01±223.85 
Pentonate-1,4-lactone 951.78±406.21 796.00±36.68 835.78±320.56 749.21±62.94 1313.82±149.80 
Pentadecanoate 20.95±1.79 27.62±1.00 24.48±0.91 5.09±0.64 9.07±0.97 
Docosanoate 8.32±1.93 10.58±1.10 9.05±0.76 2.00±0.46 3.03±0.55 
Dodecanoate 128.33±27.87 181.33±23.82 171.13±10.47 32.98±2.84 50.73±4.83 
Eicosanoate 4.20±1.82 6.20±0.81 3.87±1.67 8.44±1.57 6.16±1.52 
Erythronate 45.00±19.62 89.22±5.55 77.70±31.03 200.51±15.03 150.85±12.40 
Ferulate 243.64±43.71 650.66±72.21 676.04±75.63 160.70±23.24 264.87±30.72 
Fumarate 71.49±3.75 93.41±6.78 101.61±9.65 23.07±2.12 42.82±1.97 
GABA 5644.15±4902.74 2353.81±1135.74 7825.23±4628.01 2702.96±85.92 6167.83±3108.95 
Galactonate 15.98±1.29 53.26±32.95 24.80±2.23 178.08±116.28 26.62±1.69 
Galacturonate 0.37±0.18 1.53±0.98 0.41±0.03 7.22±4.57 0.47±0.07 
Glucuronate 0.59±0.06 4.39±2.03 1.39±0.82 5.85±3.28 1.57±1.02 
Glutamate 224.52±10.70 188.67±15.22 372.80±75.53 140.83±28.04 173.22±21.87 
Gluconate 0.79±0.08 5.06±3.38 2.45±0.49 21.69±14.71 2.99±0.24 
Glucarate 3.94±0.72 22.89±14.75 10.56±0.58 63.51±38.50 13.09±1.58 
Oxalate 49.34±0.08 49.75±0.29 49.43±0.49 48.32±0.57 46.32±0.78 
Oleic_acid 1.07±0.39 1.29±0.22 0.89±0.30 1.25±0.07 1.61±0.41 
Octadecanoate 2712.08±211.33 4253.47±83.48 3330.50±69.60 703.82±116.93 1060.67±117.60 
Nonanoate 49.11±2.25 64.25±2.73 63.54±1.05 12.51±2.18 24.49±1.73 
Muconate 33.46±4.97 54.95±4.68 63.96±10.52 14.15±2.71 27.90±5.09 
Linoleic_acid 22.14±0.90 53.76±4.11 50.49±5.06 16.43±2.49 23.03±3.32 
Malate 659.54±14.81 785.73±13.11 599.38±60.62 259.38±22.73 228.11±18.92 
Maleate 14.66±6.72 28.25±2.97 4.57±3.37 13.15±9.97 8.49±6.65 
Malonate 17.09±1.78 24.06±5.06 29.14±3.54 2.24±0.19 9.62±2.34 
Lactate 1101.12±141.90 1760.50±80.03 1427.71±56.49 312.56±43.86 461.79±60.65 
Glycerate 17.49±1.44 31.74±1.67 34.48±1.59 9.60±1.11 11.55±0.49 
Glycolate 470.19±42.71 803.57±75.24 1071.23±85.89 188.59±6.78 394.14±31.30 
Heptadecanoate 47.35±4.62 86.88±4.26 74.46±3.20 19.68±3.58 29.44±3.49 
Hexadecanoate 1618.77±121.83 2502.40±43.49 2080.86±74.42 434.30±53.20 721.87±82.02 
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fumarate, nonanoate, muconate, linoleic acid, malonate, lactate, glycerate, glycolate, 

heptadecanoate and hexadecanoate increased at 30 and 42oC at 24 h but decreased at both these 

temperatures after 48oC. The levels of aconitate, ribonate_put, quinate, erythronate, glucoronate, 

gluconate and glucarate consistently increased while those of benzoate and pyrrole-2-carboxylate 

decreased at both the temperatures and time points. The OAs including 4-coumarate, pipecolate 

and eicosanoate indicated an increase while citrate, pentadecanoate and docosanoate showed a 

decrease in their level at both temperatures after 48 h. Rest of the AOs indicated no consistent 

changes in their levels with temperature or time points (Table 6). 

 

Hierarchal cluster analysis (HCA) and latent vector loading (LVL) of metabolites: The 

profiles of metabolites were subjected to HCA and LVL to find similarities and differences, and 

their possible involvement in heat stress tolerance of sugarcane cv. KQ228. HCA of the 

metabolites clearly delineated 3 major clusters from the bud samples (Fig. 52). The cluster 1 

comprised two subclusters, cluster 2 and 3 were further resolved into three subclusters each. Out 

of 109 analyzed metabolites, 82 fell in cluster 3, which showed a strong similarity with each 

other. Cluster 2, comprised 21 metabolites, which showed some degrees of differences; the 

distinct among these were chlorogenate, putrescine, octadecnoate, fructose, proline and glycine. 

In cluster 1, a total of 6 metabolites; sucrose, quinate, trans-aconitate, guanine, GABA and 

ethanolamine were strongly differentiated for their effect in heat tolerance of bud chips. The 

LVL of the metabolites dataset revealed a similar picture, since the metabolites identified in 

HCA were clearly separated by the first factor represented ~28% variability between the samples 

(Fig. 53). These analyses revealed that all metabolites in cluster 1 and 2 had the highest impact 

on high temperature tolerance of sugarcane bud chips. 

 

4.4.2 Discussion 

 

High temperature is an important environmental adversary causing changes in the expression and 

activity of genes (Wahid, 2007). Various experiments were conducted to determine the 

changes in the germination some growth attributes, metabolite levels and gene expression of 

various sugarcane varieties. High temperature affected the growth of all sugarcane varieties, 

although varietal difference was evident (Table 1). Differences in sugarcane varieties for heat  



 

 118

0 50000 1E5 1.5E5 2E5 2.5E5

Linkage Distance

Sucrose
Quinate

trans-Aconitate
Guanine
GABA

Ethanolamine
Chlorogenate

Hexadecanoate
Lactate

Glycolate
Diethylene_glycol

Octadecanoate
Phosphate

Caffeate
Putrescine

Pentonate-1,4-lactone
Proline
Glycine

Urea
Tetradecanoate

Malate
Ferulate
Alanine
Fructose
Inositol

Glucose
Aconitate

5-oxoproline
Glycerol

Glutamate
4-Hydroxybenzoate

Aspartate
Succinate
Fumarate

Dodecanoate
Allantoin

2-Oxobutyrate
Glutamine

Galactosylglycerol
Isocitrate

Serine
Heptadecanoate

Sinapinate
Phytanate
Nonanoate
Muconate
Salicylate

Citrate
beta-Alanine

Benzoate
Uracil

Pipecolate
Galactinol_put

Valine
Oxalate
Leucine

Isoleucine
Tyrosine
Malonate

2-Oxogluconate
Pyrrole-2-carboxylate

Adenosine
Erythronate
Galactonate

1-Monooctodecanoglycerol
Glycerate-3-P
Linoleic_acid

Glycerate
Tryptophan

Decanedioate
Shikimate

Pentadecanoate
Threonate

Methionine
Maleate

Arabinose
Threonate-1,4-lactone

Phenylalanine
4-Coumarate
Glycerol-3-P

Glucarate
Galactose

Xylose
Mannitol

Glycerophosphoglycerol
Glucose-6-P
Ribonate_put

Gentibiose
Threitol

Erythritol
3-O-beta-D-gal-D-ara

Gluconate
Arabitol

Docosanoate
Eicosanoate

2-Aminoadipate
Sorbitol

Glucuronate
Glycerol-2-P

Galacturonate
Fructose-6-P

Threonine
Octadecanol

Digalactosylglycerol
Ribose

Asparagine
Oleic_acid
Galactitol

1,6-anhydroglucose

Fig. 52: Dendogram obtained following HCA of the metabolic profiles of the bud chips 
treated and untreated with high temperature stress 



 

 119

tolerance have been documented (Wahid et al., 2007a; 2009a). In experiment 1 of this study, 

pretreatment of buds chips of varieties Q200 and KQ228 at 30oC and 42oC for 5, 10 and 15 days 

followed by their sprouting at 30oC indicated sprouting of buds and subsequent growth of sprouts 

of both the varieties at 30oC. However, at 42oC pretreatment, Q200 failed to sprout while KQ228 

indicated sprouting only at 5 day pretreatment (Fig. 49). This indicated the exposure of bud chips 

for longer periods leads to damaging of buds. On the other hand, medium term pretreatment of 

buds for 2, 4 and 6 days at 30, 42 and 30/42oC indicated no major effect on the sprouting 

although both the varieties responded differently to these temperature pretreatments and growth 

of both the varieties (Fig. 49). These data suggested that direct exposure to heat stress (42oC) has 

more damaging effect while initial pretreatment cycle of 30oC primed the buds and enabled them 

to withstand 42oC. This indicated that as reported for seed germination (Wahid et al., 2008), it is 
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surmised that thermal priming leads to the induction of stress responsive genes, which help the 

buds to sprout better under relatively hot conditions and these changes appeared to occur quite 

early during exposure to temperature treatments. 

 Keeping in view the information from the above experiments, the determinations were 

made over short term (24 and 48 h) treatments of buds for changes in the expression patterns of 

nine genes (Fig. 50), and metabolites accumulation including amino acids (Fig. 3), sugars (Table 

1) and organic acids (Table 2). Bohnert et al. (2001) reported that in rice, the transcript synthesis 

under salt stress can be noted within 10 to 15 min. Moreover, early changes in the gene 

expression and metabolites accumulations have been implicated in the stress tolerance (Wahid, 

2007; Farooq et al., 2009).  

Data on the gene expression patterns revealed that in both Q200 and KQ228, the 

expression of genes was differential. Of all the genes studies, with reference to 25s rRNA gene, 

expression of dehydrins, late embryogenesis abundant (LEA) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) genes was distinctive (Fig. 50). KQ228 indicated a higher level 

expression of DHN and LEA gene at control (25oC) condition than Q200, which were down-

regulated under heat stress at both the time periods. DHNs are a subclass of LEA proteins and 

both are expressed under stressful conditions (Close, 1997; Svensson et al., 2002; Wahid et al., 

2007b). Wahid and Close (2007) immunologically detected the expression of three low 

molecular weight dehydrin proteins in sugarcane clone NCO-310. A low level up-regulation of 

both DHN and LEA genes under heat stress in both the varieties, is in line with the previous 

findings (Wahid and Close, 2007), indicated the definitive role of both these genes in heat stress 

tolerance of sugarcane.  

GAPDH gene responsible for the synthesis of a GAPDH key enzyme in glycolysis during 

respiration and Calvin cycle during photosynthesis, where it catalyzes the reversible inter-

conversion between glyceraldehyde-3-phosphate and 1,3-diphosphoglycerate (Figge and Cerff, 

2001; Taiz and Zeiger, 2006). As such no direct role of this gene or enzyme has thus far been 

reported in the stress tolerance of plants. Here we noted down-regulation of GAPDH under heat 

stress in KQ228 and high level expression in Q200 at 42oC, which emerged as a good indicator 

of differential heat stress response of sugarcane varieties in this study. Based on the data of 

medium term experiment (Fig. 1b), Q200 performed relatively better than KQ 228 under heat 

stress (42oC), which also showed a high level expression of GAPDH gene (Fig. 50). Thus, a 
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possible role of GAPDH, would be the provision of low molecular weight metabolites for 

utilization under heat stress. 

In this part of the experiment levels of 121 metabolites were monitored in a single variety 

KQ228. For the purpose of convenience, these metabolites were grouped into four; amino acids, 

sugars, nucleic acids and organic acids. Studies show that accumulation of free amino acids is 

important to stress tolerance in different ways. They improve the osmotic balance of cells and are 

used as a free nitrogen source when required under stressful conditions (Wyn Jones and Gorham, 

2002). Out of twenty only five amino acids, including asparagine (Asn), glutamine (Gln), 

glutamic acid (Glu), alanine (Ala) and Valine (Val) indicated remarkable variation in response to 

heat stress (Fig. 51). A number of reports show the accumulation of proline in free form in 

various plant species including sugarcane (Zhu, 2002; Wahid, 2007), while the role of other 

amino acids found to accumulate in the sugarcane bud chips is a novel finding. 

In plants, the organic acids (OAs) are mainly the initial products of primary carbon 

metabolism and play many physiological roles. In addition to sugar metabolism and synthesis of 

amino acids, fats and starch, they participate in the biosynthesis of secondary metabolites and act 

as osmolytes in the plants grown under stressful conditions (Taiz and Zeiger, 2006; Wahid et al., 

2007a; Farooq et al., 2009). Determination of a range of organic acids revealed a great variation 

in their accumulation pattern and levels; most of those showing increase both at 30 and 42oC 

after 24 h, but a decrease at these temperatures after 48 h. Yet a fair number of OAs did not show 

any consistent accumulation over the treatments (Table 6). In this analysis, amongst OAs, 

aconitate, chlorogenate, ribonate_put, quinate, pipecolate, erythronate, GABA, glucoronate, 

gluconate, glucarate, glucoranate and octadecanoate indicated an accumulation at both the time 

points, which can be implicated in terms of their role in high temperature tolerance of bud chips. 

Hierarchal and component analyses are widely used to delineate similarities and 

differences and find genetic and physiological implications of large data sets (Steel et al., 1996; 

Roessner et al., 2006; Jacobs et al., 2007). All the metabolites in this study were subjected to 

hierarchal (HCA) and latent vector loading (LVL) graph to find the similarities and differences 

in the metabolites for their physiological roles in the high temperature stress tolerance of 

sugarcane bud chips. Although variability among the analyzed metabolites were rather low, a 

range of metabolites were found to be involved in the high temperature response of bud chips; 

the most important of which were: chlorogenate, putrescine, octadecanoate, fructose, proline, 
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glycine, sucrose, quinate, trans-aconitate, guanine, GABA and ethanolamine (Figs. 52, 53).  The 

roles of free proline accumulation has been implicated in heat tolerance of sugarcane (Wahid, 

2007; Wahid and Close, 2007), those of putrescine, glycine, fructose, sucrose and GABA in 

stress tolerance has been widely explored in stress tolerance of a number of plant species (Wahid 

et al., 2007a; Munns and Tester, 2008; Farooq et al., 2009). The accumulation of octadecanoate, 

quinate, trans-aconitase, guanine and ethanolamine is novel finding in this study and their roles 

need to be explored on sound footings. 

In conclusion, sugarcane bud chips showed long, medium-term and short-term responses 

to high temperature; latter being the most important. The most important short-term responses 

included the changes in the expression of Asn, Dhn, Lea and GAPDH genes, high accumulation 

of Ala, Asn, Asp, Pro, 5-oxopro, Phe, Gly and Gln among amino acids, fructose and sucrose 

among sugars and a number of organic acids and other compounds. Although some of the 

metabolites showing high accumulation in this study have been established for their roles in 

stress tolerance, yet a range of metabolites are novel finding of this study and in-depth studies 

are needed to establish their roles in the metabolism of sugarcane and other plants under heat or 

other stress conditions. 
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GENERAL DISCUSSION 
 

 

While growing in nature, plants are exposed to vagaries of environmental condition, of which 

soil salinity; fluctuations in ambient temperatures and scarcity of water are the most important. 

For tropical plant species, changes in prevailing temperature and salinity, two common problems 

of the tropics, are more important. Sugarcane is confined to tropical regions and can grow at 

relatively higher temperature (30-33oC) than temperate region C3 plants, while it shows much 

more sensitivity to low temperature stress than temperate plant species (Wahid et al., 2009b). As 

for salinity tolerance, sugarcane has been ranked sensitive to moderately tolerant (Francoise and 

Maas, 1999), although great varietal differences have been reported (Rozeff, 1995, 1998; Wahid 

et al., 1997a, b). For achieving appropriate germination and crop growth stand under stressful 

conditions, the exogenous application of various low molecular weight osmoprotectants, 

hormones or stress signaling molecules has been successful (Wahid and Shabbir, 2005; Ashraf 

and Foolad, 2007; Wahid et al., 2007b; Farooq et al., 2009). Sugarcane setts show the reduced 

and erratic sprouting under stress, and studies are direly needed to improve growth and sprouting 

in this species. Keeping in view the global importance of sugarcane as a major source for the 

production of table sugar, molasses, ethanol, board and various other products (Hartemink, 

2008), these studies were planned to investigate the influence of high and low temperature, and 

salinity on the sprouting of bud chips and effectiveness of pretreatment of bud chips with 20 mM 

concentration each of proline or glycinebetaine  (GB) in improved sprouting in terms of fresh 

and dry weight of bud, changes in the levels of free proline, glycinebetaine, sugars, H2O2 and 

some developmental changes in a time course manner. Furthermore, some studies were 

conducted to determine the biochemical and molecular changes in bud chips under high 

temperature stress. 

Fundamental indicators for the assessment of the adversaries of prevailing stress 

conditions are changes in the growth attributes (Epstein and Bloom, 2005). In this research, it 

was noted that upon exposure of sugarcane buds to heat, cold and salt stresses in a time course 

manner, there was substantial reductions in fresh and dry weights, which were primarily related 

to altered physiological activities in the bud. Although pretreatment of buds with GB and proline 

was effective in enhancing the fresh and dry weight of buds not only under control condition but 
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also under heat stress. Although reports are scarce, sugarcane bud is a vegetative tissue 

synonymous to seed germination, since it is also influenced by prevailing stress condition in a 

similar fashion as does the seed during germination (Wahid and Close, 2007; Wahid et al., 

2009a). A comparison of the stress effects revealed that applied salinity was the most damaging 

to the growth of bud chips followed by cold and heat stresses, while the application of proline 

and GB was more effective under stress conditions.  

 It has been reported that a single degree rise in prevailing temperature causes great 

changes in the physiological phenomena (Morison, 1996; Zhu, 2003). A common facet of 

environmental stress effects including heat, cold and salt stresses is the production of reactive 

oxygen species (ROS), which cause oxidative damage on the cells and tissues (Wahid et al., 

2007b; Farooq et al., 2009). The osmoprotectants either endogenously produced or exogenously 

applied are effective in reducing the oxidative stress generated by the production of ROS (Noctor 

and Foyer, 1998; Smirnoff, 2005; Ashraf and Foolad, 2005; Wahid et al., 2007a). Other effects 

of heat, cold and salinity stresses entail reduced concentration of essential nutrients (Wahid et 

al., 2007a, b; 2009a). This study revealed the synthesis of H2O2, which is a long-lived and highly 

toxic reactive oxygen species (Gong et al., 1998; Wahid et al., 2007b; Farooq et al., 2009). All 

the applied stresses led to the enhanced production of H2O2, while pretreatment of bud chips with 

GB and proline substantially reduced its synthesis. It was important to note that salinity, 

followed by cold and heat stress, was the most damaging to the physiological activities in the 

untreated buds. A time course but partial recovery from the oxidative damage (as evident from 

the reduced H2O2 concentration) indicated that pretreatment was effective in reprogramming the 

genes and inducing the antioxidative system as suggested earlier by many researchers (Sakamoto 

and Murata, 2002; Serraj and Sinclair, 2002; Munns and Tester, 2008; Farooq et al., 2009).  

Exposure to stressful conditions leads to the accumulation of a range of osmolytes; the 

most important and widely studied among those are proline, GB and sugars among the organic 

and K+ and Ca2+ among the inorganic osmolytes (Munns, 2002; Zhu, 2003; Taiz and Zeiger, 

2006; Ashraf and Foolad, 2007). In view of their importance, the accumulation of free proline, 

GB and soluble sugars and changes in the levels of K+ and Ca2+ were monitored. In earlier 

studies, sugarcane sprouts were found to accumulate all these osmolytes under salinity stress 

(Wahid, 2004) and heat stress (Wahid, 2007) but no studies are available under cold stress. 

However, similar information for nodal buds is not available. Both GB and proline in treated 
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buds indicated steady state levels of both these osmolytes under all the stresses, indicating that 

both were not metabolized rather they persisted. On the other hand, soluble sugars accumulation 

under various stresses appears to be different. Under heat stress, their endogenous synthesis or 

bud chip pretreatment appeared to improve the cell water economy, under cold stress their role 

appeared to protect the tissues from oxidative damage, while under salt stress they appeared to 

play more crucial roles in alleviating the ion toxicity and helping the cells to adjust osmotically 

in a time course manner. To alleviate the effect of all these stresses, free proline appeared to be 

more effective than GB.  

The accumulation of K+ and Ca2+ in the heat and cold stresses buds indicated the 

accumulation patterns similar to soluble sugars. However, under salt stress, their time course 

accumulation varied considerably due to multiple effects of salinity (Epstein and Bloom, 2005; 

Wahid and Ghazanfar, 2006).  Under heat and cold stress, the pretreatement of bud chips with 

GB and proline augmented coupled the accumulation of K+ and Ca2+ and appeared to protect the 

cellular membranes from the thermal stress induced membrane damage (Wahid et al., 2009a). 

These findings suggested that the GB had a more profound role than proline in assissting the 

sugarcane buds to withstand low temperature stress. On the other hand under salinity stress, a 

noxious factor is the accumulation of the toxic ions, in various crops (Zhu, 2002; Munns and 

Tester, 2008) including sugarcane sprouts (Wahid et al., 1997b; Akhtar et al., 2003), which is 

not met under heat or cold stress. For salinity treated bud chips, these data indicated a time 

course accumulation of Na+ and Cl-, with an almost linear decrease in K+ and Ca2+ contents 

while K+/Na+ ratio remained the same. The bud chips pretreatment with proline and GB 

alleviated the ionic toxicity by reducing the levels of Na+ and Cl- and improving K+, K+/Na+ ratio 

and Ca2+ contents in a time course manner. In this case, GB was more effective than proline in 

triggering these changes for Ca2+. Increased contents of K+, Ca2+ and higher K+/Na+ ratio under 

salinity stress are established as important criteria of salinity tolerance in various plants 

(Anderson et al., 1992; Hirsch et al., 1998) including sugarcane (Wahid, 2004; Wahid and 

Ghazanfar, 2006; Wahid et al., 2009a). Thus, higher levels of K+, K+/Na+ ratio and Ca2+ 

indicated the role of bud chip pretreatments with proline and GB in ion-regulation and salinity 

tolerance of sugarcane. 

In its immature state, nodal bud does not show the differentiation of specialized tissues 

(Alexander, 1973). During conversion of an immature bud to sprout, bud shows the development 
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of bud leaves, with vascular tissues. The development of vascular bundles and later 

establishment of their connections with the root tissues is important in becoming a sprout to 

transform into a young seedling. All of the above changes take place within hours if the bud 

chips are provided with suitable conditions. No studies are so far available on this particular 

aspect of sugarcane. Thus another important objective of this research was to investigate the 

early developmental changes that take place during the formation of immature bud to sprout 

before emergence of bud leaves, how stressful conditions (heat, cold and salinity) influence these 

changes and what role can proline and GB play to reverse the stress effects. 

In this study, the time-dependent developmental changes were monitored in the GB and 

proline treated or untreated sugarcane nodal buds under heat. Cold and salinity stresses. It was 

noticed that early changes in bud are quite rapid. Since the cells are immature, meristematic and 

thin walled at this stage, the prevailing stress conditions greatly influence the formation of new 

tissues to convert into a seedling. The data in this study was recorded for the number of 

differentiating leaves and their expansion, number and area of mesophyll cells and number and 

area of vascular bundles. It was noted that applied salinity was the most damaging while heat 

stress was the least damaging to the development of these structures. Major effects of these 

stresses were evident in terms of reduced expansion of mesophyll cells and number of vascular 

bundles and their further differentiation to specialized xylem and phloem cells. Whatever the 

case may be pretreatment of bud chips with GB and proline was well evident although difference 

was noticeable in their effectiveness to reverse the stress effects. These findings are in harmony 

with the reported effects of stresses on the development of vegetative tissues (Munns, 2002; 

Wahid and Ghazanfar, 2006; Wahid et al., 2007a; Farooq et al., 2009). 

Since the data were recorded in a time course manner on growth and physiological 

attributes of bud, it was deemed to establish the correlations of bud growth attributes with the 

physiological and developmental changes under the effects of all stresses and how proline and 

GB have played their part in alleviating the stress effects. For convenience, these correlations 

were established at initial (8 h) and final (48 h) time points. The results of these correlations were 

different for different stress, although at 8 h, correlations of most of the attributes were not 

evident. Under heat stress, at 48 h time point, pretreatment with proline and GB appeared to 

trigger the maintenance of requisite levels of Ca2+ and K+ was crucial for the differentiation of 

the leaves from the ground tissues of immature buds and increasing dry weight of the sprouting 
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bud under heat stress, whilst reducing the oxidative damage. Absence of any relationship of GB, 

proline or sugars with dry weight or differentiation of the bud tissues led to the conclusion that 

these osmoprotectants had an indirect role on the growth and development of bud tissues which 

are more plausible related to the improved nutrition (K+ and Ca2+). Under cold stress, the 

presence of positive correlations in dry weight and Ca2+ contents, and developmental attributes 

indicated that bud pretreatment triggered proline and GB triggered maintenance of requisite 

levels of Ca2+ and K+ and alleviation of oxidative stress (as revealed from reduced H2O2 

production) were important for the formation of various structures in the bud and improved dry 

weight. Under salinity stress, at 48 h time point, positive relationships of dry weight and bud 

developmental attributes with K+, K+/Na+ ratio and Ca2+ contents indicated that these nutrients 

were important to the growth and development of buds both under saline and non-saline 

conditions. Presence of inverse correlations of bud anatomical parameters with Na+ and Cl- 

indicated their toxicity while negative correlation of H2O2 on the bud tissues and its positive 

correlations with Na+ (r = 0.840; n = 6) and Cl- (r = 0.840; n = 6) showed the ion-toxicity effects 

on the bud development. These findings lent support from the recent findings that bud nutrient 

status is important for salt tolerance (Wahid et al., 2009a). 

As evident from the above findings, all the stresses were damaging to the physiological 

and developmental changes in bud tissues and pretreatment of bud chips with proline and GB 

was effective in reversing these changes to a considerable extents. In this part it was decided to 

carryout detailed studies in order to determine some physiological and molecular mechanisms of 

heat stress tolerance by sugarcane buds, since heat stress is an important environmental 

adversary causing changes in the expression and activity of genes (Wahid, 2007). Results of 

long- and medium-term experiments showed that under heat stress crippled the sprouting of buds 

and caused a severe reduction in the growth of sprouts. Keeping in view this information, the 

determinations were made over short periods (24 and 48 h) treatments of buds for changes in the 

expression patterns of nine genes, and metabolites accumulation including amino acids, sugars 

and organic acids. In the central dogma of molecular biology, initial responses of living 

organisms are the synthesis of transcript after perceiving stress signals (Taiz and Zeiger, 2006), 

and this synthesis may take place within 10−15 min (Bohnert et al., 2001). Early changes in the 

gene expression and metabolites accumulations have been implicated in the stress tolerance of a 

number of plant species (Wahid et al., 2007a, b; Farooq et al., 2008, 2009). In this study, most 
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important short-tem responses were the enhanced expression of four genes; Asn, Dhn, LEA and 

GAPDH, high accumulation of Ala, Asn, Asp, Pro, 5-oxopro, Phe, Gly and Gln among amino 

acids, fructose and sucrose among sugars and a number of organic acids and other compounds. 

Amongst OAs, aconitate, chlorogenate, ribonate_put, quinate, pipecolate, erythronate, GABA, 

glucoronate, gluconate, glucarate, glucoranate and octadecanoate showed accumulation at all 

stress treatments and time periods.  

Among the genes, Dhn and LEA genes are reported to be expressed under a range of 

environmental stress (Svensson et al., 2002; Wahid and Close, 2007). Asn is an amino acid while 

GAPDH is an enzyme encoding gene involved both in glycolysis during respiration and Calvin 

cycle during photosynthesis (Taiz and Zeiger, 2006). Both, these proteins have not been reported 

to be expressed in plants under stress. Among the amino acids, found to be accumulated in high 

amounts in this study, except ASN and PHE, all have been reported to be accumulated in plants 

under stress (Rhodes et al., 1999; Munns and Tester, 2008). Likewise, a range of sugars and OAs 

are accumulated in the plants grown under stress (Epstein and Bloom, 2005; Taiz and Zeiger, 

2006; Wahid et al., 2007a). Subjecting all these metabolites to HCA and LVL analysis revealed 

that chlorogenate, putrescine, octadecanoate, fructose, proline, glycine, sucrose, quinate, trans-

aconitate, guanine, GABA and ethanolamine were amongst the most important metabolites 

showing high accumulation under heat stress. Of these, the accumulation of octadecanoate, 

quinate, trans-aconitase, guanine and ethanolamine is novel finding in this study and their roles 

need to be explored further.  

In conclusion, this study for the first time reports that bud tissue is sensitive to heat, cold 

and salinity stress. Despite some differences, the effects of these stresses were evident from the 

enhanced production of H2O2, and reduced concentrations of essential nutrients, and hampered 

development of bud leaves and vascular tissues in them. Pretreatment of bud chips with proline 

and GB alleviated the harmful effects of stresses by reducing the production of H2O2, augmented 

synthesis of osmolytes (free proline, GB and soluble sugars) and improved bud K+ and Ca2+ 

nutrition. Of the two osmoprotectants used, GB was relative more effective under these stresses 

than proline. Detailed molecular studies revealed that heat stress leads to the upregulation of 

many genes (e.g., Asn, Dhn, LEA and GAPDH), changes in the levels of amino acids, nucleic 

acids, sugars and organic acids. Despite the fact that some of the metabolites showing 

relationship with stress tolerance have established roles in stress tolerance of plants, there are 
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many metabolites, which are newly identified and need to be thoroughly investigated for their 

roles in the stress tolerance of sugarcane and possibly other plants. The correlation data revealed 

that although pretreatment with the osmoprotectants in this study might have no direct roles in 

improving bud growth under stressful conditions, the roles are indirect in improved Ca2+ and K+ 

nutrition and reduced production of H2O2. All in all, these findings suggest that in low to 

moderately hot, cool and saline areas sugarcane bud sprouting can be improved by pretreatment 

of bud chips with the 20 mM levels of proline and GB and requisite crop stand can be achieved.  
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FUTURE PROSPECTS 
 

 

From the farmer’s standpoint, achieving appropriate and uniform crop stand is a problem in 

sugarcane. The sugarcane crop raised either from seed (fuzz) or nodal bud chips (cuttings or 

setts) can rarely show over 50% of the seedling population. Thus to acquire appropriate requisite 

sugarcane stand, it is imperative that attempts may be undertaken to study the changes occurring 

in the seed or nodal buds of sugarcane both under optimal and suboptimal conditions. Studies so 

far conducted on sugarcane did not explore this important aspect under normal or stressful 

conditions. These studies have revealed in a considerable detail that sugarcane bud presents a 

unique tissue to understand early changes taking place during the transition of immature state to 

the development of a sprout. These findings have revealed a range of changes taking place in the 

immature buds while transforming to a mature state including metabolite accumulation and gene 

expression. The findings reported in this manuscript provide basic information about some of the 

physiological and developmental changes taking place in the bud tissues under optimal and 

suboptimal conditions. Since transition of bud tissue from immature to mature state entail a 

range of rapid changes, thus it is very essential that the patterns of tissue development and 

associated changes in gene expression and synthesis of proteins may be studied on instantaneous 

basis using advanced molecular techniques. In this regard, studying the expression of 

development related genes, including fackle, knolle, shoot meristemless, wuschel, gnom, 

momopteros etc. may yield useful information on the bud tissue development. 
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CHAPTER-5 

SUMMARY 
 

 

Plant growth and yield is strongly limited by prevailing stressful condition. Temperature stress 

(both high and low) and salinity have been regarded as more important to plant growth and yield 

than other stresses. Sugarcane is an important sugar crop all over the world, but shows sensitivity 

to these stresses at bud sprouting stage. The aim of these experiments was to explore the 

physiological developmental and molecular changes that take place in the immature sugarcane 

buds during sprouting and possible role of proline and glycinebetaine in mitigating these changes 

in a time course manner under heat cold and salt stresses. Separate experiments were performed 

for each stress condition and data was recorded at short intervals of 8 h. 

 All the stresses studied here induced reductions in bud fresh and dry weight and led to the 

generation of H2O2 as well as synthesis of osmolytes and reductions in the endogenous levels of 

K+ and Ca2+ in a time course manner. The correlation established between various growth, 

physiological and developmental attributes revealed that the mode of effect of each stress was 

different from each other. Heat stress mainly caused the oxidative damage and acted as a 

dehydrative force while cold stress although caused the oxidative stress but was not a 

dehydrative force. Rather it appeared to slow down the physiological activities. Of these three 

stresses, salinity stress was the most damaging primarily due to its multifarious effects. The 

accumulation of Na+ and Cl- in the developing sugarcane bud appeared to be the main reason of 

the observed changes in the buds under salinity stress. The histological determinations revealed 

that all the applied stress conditions delayed and reduced the formation of new bud leaves and 

their expansion, which was mainly because of reduction in the number and area of mesophyll 

cells. The stress treated buds also showed reduced numbers and poor development of vascular 

bundles, which are important for the supply of nutrients and water from the internode to the 

developing bud leaves.  

The exogenous supply of both proline and GB reduced the adversaries of all the stresses, 

but their effectiveness was more under heat stress followed by cold stress while the least under 

salinity stress. The main effects produced by the bud pretreatment were the alleviation of 

oxidative damage, and improvement in the K+ and Ca2+ nutrition and further enhancement in the 
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levels of free proline, GB and soluble sugars under heat and cold stress. For salinity stress, the 

pretreatment with these osmoptotectants caused reductions in the Na+ and Cl- in addition to the 

observed effects under heat and cold stresses. Histological determinations further revealed that 

the pretreatment with osmoprotectants increased the mesophyll cell area leading to expansion in 

the bud leaves as well as led to the development of elaborated vascular tissues. Of the two, GB 

was more effective under heat stress while proline under cold stress. 

Initial responses of plants to prevailing stressful condition are the changes in the pattern 

of gene expression. The products of gene expression are the enzymes and metabolites synthesis. 

As a part of the studies, the activity of nine genes and changes in the levels of a range of 

metabolites was investigated under heat stress at 24 and 48 h time intervals. Among the gene 

expression studies, three genes; dehydrins, LEA and GAPDH were more distinctly expressed. 

Dehydrins and LEA are stress proteins and show upregulation under a range of environmental 

stresses, while expression GAPDH is not reported earlier. It is a glucose metabolism gene and its 

putative function may be to provide low molecular weight metabolites for utilization under heat 

stress. As regards amino acids, proline and alanine were more strongly accumulated followed by 

glycine, glutamic acid and 5-oxo-proline, while other did not show any distinct accumulation. 

Among the sugars, sucrose was more strongly synthesized under heat stress followed by 

diethylene glycol, fructose, glucose and glycerol were among the other sugars. Among nucleic 

acids, adenosine and uracil were greatly accumulated. Among organic acids, aconitate, 

chlorogenate, ribonate_put, quinate, pipecolate, erythronate, GABA, glucoronate, gluconate, 

glucarate, glucoranate and octadecanoate showed accumulation at all stress treatments and time 

periods. The levels and types of metabolites accumulated were greater and stronger at 24 h rather 

than 48 h and at 42oC rather than 30oC. HCA and LVL revealed that revealed that out of 109 

metabolites analyzed, chlorogenate, putrescine, octadecanoate, fructose, proline, glycine, 

sucrose, quinate, trans-aconitate, guanine, GABA and ethanolamine were the most important 

metabolites showing high association with high temperature tolerance of sugarcane bud.  

In conclusion, all the stress conditions were deterrent to the transition of bud from 

immature to mature state, while the salinity stress was the most damaging followed by cold and 

heat stress, while improvement by GB was greater than proline in most cases. Heat stress 

revealed distinct patterns of gene expression and metabolites synthesis, which also showed close 

association with prevailing heat stress condition. The correlation data showed that pretreatment 
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with the osmoprotectants showing direct roles in improving bud growth under stress regimes, the 

roles are indirect in improved Ca2+ and K+ nutrition and reduced production of H2O2. 

Nevertheless, these findings suggest that in low to moderately hot, cool and saline areas 

sugarcane bud sprouting can be improved by pretreatment of bud chips with the 20 mM levels of 

proline and GB and requisite crop stand can be achieved. 
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