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Abstract  

Water stress imparted by drought is the most prevalent abiotic stress that limits plant 

growth and productivity and it is more threatening for crops require a lot of water i.e. 

Sugarcane (Saccharum officinarum L.). The present study aimed to develop the drought 

tolerant transgenic sugarcane. Two commercial cultivars (CPF-245 and CPF-237) and 

three advanced lines (CSSG-668, S-2003US633, S-2003US114) of sugarcane grown in 

Punjab, Pakistan were evaluated for callus induction, embryogenic callus production and 

regeneration from apical discs. CSSG-668 was found to be the best genotype yielding 

maximum embryogenic callus production and regeneration whereas cv. CPF-245 

exhibited the lowest callus induction and regeneration frequency. Selective agent 

(geneticin G-418) at five concentrations; 0, 20, 40, 60, and 80 mg/L was used to optimize 

selection conditions with non-transformed embryogenic calli. Variable effects of the 

selective agent were observed on different sugarcane genotypes for appropriate selection. 

The geneticin concentration at 60 mg/L was found to be the suitable dose to select the 

calli of genotypes CSSG-668, CPF-245 and S-2003US633. However, for S-2003US-114, 

35 mg/L geneticin was found to be optimum. Similarly, 60 mg/L geneticin, was optimum 

dose to select regenerated plantlets of the cultivars CSSG-668 and CPF-245 while it was 

40, 25 mg/L for the cultivars S-2003US-114 and S-2003US-633, respectively.  

Drought tolerant transgenic sugarcane lines were developed by exploiting the potential of 

vacuolar H+ pyro-phosphatase (AVP1 gene). The genetic transformation of sugarcane 

was done through Biolistic mediated transformation method. Seventy eight embryogenic 

calli plates of sugarcane cultivar CSSG-668 were bombarded and 120 putative transgenic 

plants resistant to selection marker (Geneticin) were obtained. Out of these, 34 plants 

showed the presence of both AVP1 and nptII (selection marker) genes. Southern results 

further confirmed the stable integration of transgene. One to four copies were present in 

sugarcane genome. Thirteen lines which showed better morphology were selected and 

transplanted in micro plots for drought tolerance screening. Two irrigation treatments 

well watered and limited water conditions were applied. Northern and Western analyses 

showed variable and higher expression of AVP1 gene in transgenic lines compared with 

non-transgenic line under stress condition. The effects of drought stress on agronomic 

parameters i.e., cane height, number of millable canes, number of internodes, cane 



 ix 

diameter, brix % and physiological parameters i.e., relative water contents in the leaf, leaf 

water potential, osmotic potential, turgor potential, photosynthetic rate and transpiration 

rate were noted. Interaction among water stress treatment x sugarcane lines was 

statistically significant for all observed agronomic parameters and physiological 

parameters at P<0.05. Visually it was observed that transgenic sugarcane lines showed 

better growth and plant height when compared with non-transgenic line. Water stress 

significantly reduced the cane height, number of internodes, cane diameter, number of 

millable canes and Brix %. However transgenic sugarcane lines SP27, SP34, SP58 and 

SP10 showed better agronomic performance than respective non-transgenic line under 

stress condition.  Physiological parameters such as relative water contents (RWC), leaf 

water potential (Ψw), osmotic potential (Ψo) and turgor potential (Ψp), photosynthetic 

rate, transpiration rate and stomatal conductance are the important traits for the 

identification of drought tolerant and sensitive lines. Significant variations were found in 

all tested genotypes for these traits. Transgenic sugarcane lines SP27, SP34 and SP58 

showed better physiological performance water relation than non-transgenic line and 

other transgenic lines. This study provided an evidence regarding potential of AVP1 for 

drought tolerance.  

 



 

 

Introduction and Review of Literature 

 

 1 

CHAPTER 1 

Introduction and Review of Literature 

1.1        Historical record of sugarcane crop  

Sugarcane is the main source of sugar and 70% of the world’s sugar comes from it. It 

originated in the tropics near New Guinea in the South Pacific about 8000 years ago and 

spread to Soloman Island, the New Hebrides and then to New Caledonia (Brandes, 

1956). Its migration spread along human migration routes to South Asia, India and 

Polynesia. By 327 B.C., it had become an important crop of India. Eastward, it migrated 

with Pacific Islanders and reached in Hawaii between 600 and 1100 A.D. Sugarcane was 

introduced in China from India around 800 B.C. It was commercially exploited by 

Indians Sub-continent in 700 A.D. (Anonymous, 2007b). 

The next migration was started by Prophet Muhammad (peace be upon him) before 632 

A.D., when his followers conquered Persia. They found sugarcane and adopted its 

cultivation, now it is called as “the Persian reed”. It was spread in Egypt (641 A.D.) and 

Spain (755 A.D.) by Arabs. It was introduced into West Africa, Central and South 

America by the people of Spain and Portugal. It was further spread to the West Indies in 

1741. The Egyptians developed clarification, crystallization and refining processes 

(Hunsigi, 2001; Anonymous 2007b).  

1.2        Sugarcane classification 

It is classified into Kingdom, Plantae; Phylum, Magnoliophyta; Order, Poales; Family, 

Poaceae; Genus, Saccharum and is composed of six species. All varieties of sugarcane 

are species or hybrids of the genus Saccharum. There are two wild species, S. 

spontaneum L. and S. robustum while four cultivated species are S. officinarum L., S. 

barberi Jeswiet, S. sinense Roxb., and S. edule Hassk. (D-Hont et al., 1998; Purseglove, 



 

 

Introduction and Review of Literature 

 

 2 

1979). All commercial canes grown today are inter-specific hybrids (Wrigley, 1982). 

These commercial hybrid sugarcane cultivars have been developed through rigorous 

selective breeding of species within the Saccharum genus primarily involving crosses 

between the Sacchaum officinarum L. and Saccharum spontaneum L. species (Cox et 

al., 2000).  

1.3        Economic importance of sugarcane  

Sugarcane contributes approximately 70% of world’s sugar. It is an important 

commercial crop. It is widely cultivated in tropical and subtropical countries for sugar 

and biomass production. It ranks sixth in the total production of crops i.e. wheat, corn, 

rice barley, soybean, sugarcane, oats, other food crops (Moore and Fitch, 1990). 

Worldwide, it is grown on an area of 17 million hactares in over 110 countries with an 

estimated production of 1,683 million metric tons which is 22.4% of the total agriculture 

production by weight. Pakistan ranks 5
th 

in sugarcane production among major 

sugarcane growing countries in the world (FAO, 2009).  

It is second major cash crop of Pakistan and ranks 5
th

 in terms of acreage. It is grown on 

an area of 943 thousand hectares with an estimated 49.4 million tons production. Its 

share in value added agriculture and GDP is 3.8% and 0.8%, respectively (Economic 

Survey of Pakistan, 2009-10). Sugar industry in Pakistan is the second largest agro-

based industry comprising of 81 sugar mills. It provides employment to approximately 

1.5 million people directly and indirectly. It contributes 100 billion rupees under the 

head of total investment in sugar industry (Daily Dawn Editorial, 2009). 

1.4        Sugarcane uses 

Cane stem is used in the manufacture of gur, shakar, sugar and cane tops as fodder for 

animals. The important industrial products of sugarcane include bagasse, molasses, filter 

cake and wax. Bagasse is used for the manufacture of paper, paper board products, 

hardboard, raw material for chemicals and livestock feed. It is also used as biofuel such 
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as ethanol and electricity (Schubert, 2006). Bagasse is a renewable source and used as 

fuel for boilers and lime kiln to generate steam which is used to run the sugar mills. 

Baggase has also been shown to be an effective bio-sorbent for pollutants such as 

chromium, cadmium, nickel and dyes in synthetic waste water. Therefore, it has great 

potential in waste water management (Krishmani et al., 2004; Khan and Amin, 2005).  

Molasses are produced in two forms inedible for human (blackstrap) or as edible syrups. 

Blackstrap molasses are primarily used as livestock feed additive but also used to 

manufacture ethanol, compressed yeast, citric acid and rum. Edible molasses syrups are 

often blended with maple syrup, invert sugars or corn syrups. Dried filter cake is used as 

animal feed supplement, fertilizer and source of sugarcane wax (Mackintosh, 2000). 

1.5        Abiotic stresses; major challenge to agriculture productivity 

Abiotic stresses such as drought, salinity, extreme temperature, chemical toxicity and 

oxidative stress cause major crop losses worldwide, reducing potential yield up to 70% 

and average yields of most major crop plants by more than 50% (Boyer, 1982; Bray et 

al., 2000). The potential yield losses by individual abiotic stresses are estimated at 17% 

by drought, 20% by salinity, 40% by high temperature, 15% by low temperature and 8% 

by other factors (Ashraf and Harris, 2005). 

Drought, salinity, extreme temperatures and oxidative stress are often linked, and may 

induce similar cellular damage. For example drought and salinization are manifested 

mainly as osmotic stress, causing disruption of homeostasis and ion disruption in the cell 

(Serrano et al., 2001; Zhu, 2001a). Oxidative stress which frequently accompanies high 

temperature, drought, and salinity may cause denaturation of functional and structural 

proteins (Smirnoff, 1998). Drought and salinity are becoming particularly wide spread in 

many regions and may cause serious salinization of more than 50% of all arable lands by 

the year 2050.  
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1.5.1        Drought  

Water is very essential for plant growth and makes up 75 to 95 percent of plant tissue. A 

vast amount of water moves through out the plant daily. Plant uses water and carbon 

dioxide to form sugars and complex carbohydrates. Water acts as carrier of nutrients and 

also a cooling agent. It also provides an element of support through turgor and as an 

intercellular reaction medium (Ashraf and Harris, 2005).  

Drought can be defined according to metrological, hydrological or agricultural criteria. 

Metrological drought is defined by deficiency of precipitation over an extended time 

period (usually a season or even more). The frequency of occurrence of these 

deficiencies varies both spatially and temporally and consequently water becomes short. 

It is a normal and recurrent feature of the climate although many erroneously considered 

it as a rare and random event (Wihite, 1992). Hydrological drought is manifested as 

noticeably reduced river and stream flow and critically low ground water tables. 

Agricultural drought indicates extended dry period that results in crop stress and harvest 

reduction. The impact of drought on agriculture is due to the shortage of soil moisture, 

when the moisture in soil is no longer sufficient to meet the needs of growing crop. It 

results from lack of input of moisture in soil from rainfall or irrigation to an extended 

period of time.  

1.5.1.1        Drought effects 

On global basis, water stress is the most important limiting factor in crop production. It 

is dominant factor to determine the distribution of species. The response and adaptation 

of species to water stress are very critical for their success in any environment niche and 

for productivity in several major food producing countries which have far-reaching 

impacts on global food production. According to an estimate, 28% of the world’s land is 

too dry to support vegetation (Kramer and Boyer, 1995) and up to 45% of the agriculture 

land are subject to continuous or frequent drought, wherein 38% of the world human 

population resides (Bot et al., 2000). Somervile and Briscoe (2001) reported that 18% of 
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the global farmland is irrigated and up to 40% of the global food supply is produced on 

this land.  

Knight and Knight (2001) described that water stress imparted by drought and 

temperature severity is the most prevalent abiotic stress that limits plant growth and 

productivity. The drought badly affects agriculture, hydropower, water supply and 

industrial sectors. Repeated drought and unfavorable human activities might cause the 

desertification of vulnerable arid, semi-arid and dry sub-humid areas (Kundzewis, 1997). 

Worse impact of drought was reported in India which was further provoked by the 

epidemics followed by famines (Indian Famine Commission, 1880). The drought with 

other linked famines affected the Indus Basin during the 19
th

 and the first half of the 20
th

 

century, famines averagely came about after 7 to 8 years (WAPDA, 1987). It has been 

estimated that drought cause an average annual yield loss of 17% in the tropics 

(Edmeades et al., 1999) but losses can be much more severe and total crop failure is 

possible.  

The world population is expected to reach from the current 6.7 billion to over 9 billion 

by 2050 (Eckardt, et al., 2009). About 80 million people are being added to the 

population total each year and 97% of the predicted population growth will take place in 

developing countries. It is predicted that there is need to produce double food in order to 

feed over 9.0 billion people by 2050. Increased food production implies increased 

demand for and consumption of water. This will certainly place more pressure on the 

environment. The developing countries in particular, are confronted with severe food 

security challenges. To face these challenges, there is utter requirement of stress tolerant 

crops especially against drought to meet the future world food needs. That’s why 

drought tolerance has come to the forefront of agronomic research in recent years due to 

dwindling irrigation reserves and increased costs associated with irrigation application 

(Gowda et al., 2007). 

 



 

 

Introduction and Review of Literature 

 

 6 

1.5.1.2        Drought effects in Pakistan 

Total geographical area of Pakistan is 79.61 million hectares (Mha), of which only 21.99 

Mha are cultivated while 9.31 Mha remain cultureable waste. The cultivable waste is an 

arid and semiarid land mass and is primarily used as rangeland, but with very low 

productivity. Pakistan is located in semi-arid region of the world with an average rainfall 

of under 240 mm. According to benchmark water scarcity indicator (the Faulenmark 

Indicator), Pakistan’s estimated current per capita of water availability of around 1066 

M
3
 places it in the “highest water stress category” (Economic Survey of Pakistan, 2009-

10). During 1998-2001, Pakistan faced one of the worst droughts of its history due to 

extremely low rainfall (Chaudhary, 2001). Increasing incidents of drought, 

desertification, deforestation, and soil erosion are presenting a serious threat to arid and 

semiarid regions in Pakistan (Akhtar et al., 2000b and 2000c).  

The severe drought caused disaster in 58 of the total 106 districts of the country, 

particularly affecting the rainfed and rangeland areas. The maximum twenty three 

districts of Baluchistan were affected by this drought (Government of Baluchistan, 2003; 

Hussain et al., 2004). In the same way, Dadu, Thar and Thatta in Sindh while Cholistan 

in Punjab were the major areas which were affected by prolonged dry spells. Food crisis 

was faced in these affected areas and as a result over 3.3 millions of families had moved 

around to safe areas while hundreds of people lost their lives. In addition, about 30 

million livestock suffered due to water and fodder shortage (Government of Sindh, 2000; 

Hussain et al., 2004). This undesirable impact of drought not only remained in affected 

areas but were reflected all over the country which caused enormous damage to the 

national economy worth billions of rupees apart from disordering the socio-economic 

makeup.  

1.5.1.3        Effects of drought on plant growth 

Water stress has been considered as an important factor for drought tolerance because 

growth is the result of cell division and cell enlargement and water stress directly affects 
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plant growth by decreasing CO2 assimilation and reducing cell division and elongation 

(Tsuji et al., 2003). As a consequence of drought stress, a number of modifications occur 

in plant growth and processes which include reduction in leaf area, smaller cell volume, 

increased leaf thickness, hairy leaves and increased root-shoot ratio. Water stress 

manifests several biochemical changes leading to reduction in the efficiency of key 

processes, including protein synthesis, photosynthesis, respiration and nucleic acid 

synthesis. The activities of enzymes and hormone production are also influenced by 

water stress. The role and accumulation of organic cyto-solutes in plants subjected to 

stress is well documented and it is well established that organic and in-organic solutes in 

addition to membrane proteins play an important role in osmotic adjustment (Vinocur 

and Altman, 2005). 

1.5.1.4        Effects of drought on sugarcane  

Limited water stress is one of the most important environmental stress factors that limit 

the sugarcane production worldwide (Venkataramana et al., 1986) and yield loss of more 

than 50% has been recorded due to drought. Moisture stress associated with high 

temperature is more damaging (Venkataramana, 2003). Ramesh and Mahadevaswamy 

(1999) reported that moderate and severe drought stress decreased mean cane yields by 

18.1 and 29.2%, respectively. During 2000-2002, drought stress caused severe losses to 

sugarcane productivity and sucrose recovery in Indian states Maharashtra and Gujarat. It 

reduced cane yield 20 to 40% where as the sucrose formation and recovery reduces to   

5%. It also favors the attack of certain insects like wooly aphids, stalk borers, pink mealy 

bug, termites and diseases like wilt and smut in sugarcane 

(http://dacnet.nic.in/Sugarcane/drought.pdf). 

Sugarcane production in Pakistan is still much lower than most of sugarcane growing 

countries of the world. The low cane and sugar yields are attributed to many factors in 

which drought, salinity, insect pests and diseases are major constraints to low yield 

(Nasir et al., 2000; Khaliq et al., 2005) because it is a lot of water consumptive crop that 

http://dacnet.nic.in/Sugarcane/drought.pdf
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remains in the fields for nearly 12 months or more. Moisture stress in Pakistan reduced 

sugarcane production by 5.5% in the year 2005-2006 as compared to 2004-2005 due to 

less water available for irrigation. Prolonged drought and heat stress decreased its 

production by 17% in 2000-01 and 22% in 1999-2000 

(http://www.pakissan.com/english/issues/causes.of.sugar.crisis.shtml). Due to 

glycophytic nature of sugarcane, drought conditions interfere with sugar production by 

affecting growth rate, yield of the cane, juices of lower sucrose contents, purity, higher 

acidity and the sucrose content of the stalk. Thus drought may reduce sugarcane yield up 

to 50% or even more.  

1.5.2        Ways to combat abiotic stresses  

The increasing world population especially in Pakistan where population increase rate is 

high, are exerting rigorous pressure over agriculture sector to meet the food, fiber and 

edible oil requirement. This pressure will be increased immensely if there is any disaster 

(drought). Responsibility to effectively face the challenge of future scenarios will mainly 

rest over the shoulders of the agricultural scientists around the world as well as in 

Pakistan. Agricultural professionals must develop the modern technologies to develop 

the high yielding; biotic and abiotic stress tolerant varieties so that food demand of 

increasing population and any disaster can be managed. 

Plants respond and adapt to the abiotic stresses with a phenological, physiological and 

biochemical adjustments referred as tolerance and avoidance (Khan and Beena, 2002). 

Both tolerance and avoidance mechanisms contribute to the ability of a plant to survive 

under drought but it also depends on the frequency and severity of drought periods 

(Alpert, 2000; Otte, 2001). In response to stress, plants activate several signaling 

pathways and there exists an overlap between the patterns of expression of genes that are 

induced in response to different stress factors (Agarwal et al., 2006). Exploring the 

mechanisms by which plant recognizes environmental signals and their transmission to 

cellular machinery to trigger adaptive responses is of critical importance for the 

http://www.pakissan.com/english/issues/causes.of.sugar.crisis.shtml
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development of breeding and transgenic strategies leading to improved stress tolerance 

in crops. 

1.5.2.1        Conventional breeding 

Crop improvement through conventional breeding has dramatically increased food 

production and created thousands of today’s crop varieties to meet a highly diversified 

demand of agricultural products. In conventional breeding, the genes pre-existing within 

species or its close relatives are brought together by sexual crossing and plants with 

desired characteristics are then selected. Because the recombination of genetic elements 

through mating and selection is not precise, the newly developed crop, more or less, will 

contain some undesirable genes. This affects the effectiveness of the breeding process 

(Shou, 2003). Besides the success of the breeding process, it may be limited by the lack 

of germplasm with the desired traits, difficulties in establishing selection conditions and 

the complexity of the resistance mechanisms (Flowers and Yeo, 1995). Traditional 

breeding strategies have generated very few crop varieties with improved stress 

tolerance (Flowers, 2004). The lack of success in breeding for salt tolerance may be 

attributed to the quantitative nature of most of the processes involved in salt tolerance 

(Quesada et al., 2002).  

The ability to correct single defect in sugarcane would be of great value (Rathus and 

Birch, 1992b), but complex sugarcane genome, more ploidy number, low fertility and 

genotype environment interaction make conventional breeding and genetic studies 

difficult. It is even very difficult especially in country like Pakistan where environment 

is not conducive for seed setting in sugarcane. Only 2-3 locations are being used to 

develop seed fuzz but that seeds are not viable. So, in Pakistan sugarcane breeding work 

depends upon import of seed fuzz. Selman-Housein et al., (2000) reported that sugarcane 

is not ideal candidate for crossing in plant breeding due to its characteristic non-

synchronous flowering and low sexual seed viability. 
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Breeding work in sugarcane is also time consuming and laborious. Almost, 10-15 years 

of work is required to complete selection cycle for getting new variety. Improved variety 

can only be cultivated commercially several years later, when enough seed sets are 

available for large scale cultivation. So, conventional breeding along with recent 

biotechnology techniques are being used to develop improved sugarcane varieties. 

Genetic engineering has been established as potential technology for sugarcane 

improvement because it has been possible to integrate gene in plant genome. Transgenic 

plant with improved character can be multiplied extensively by employing micro-

propagation techniques. 

1.5.2.2        Genetic engineering 

Genetic engineering is a DNA recombination technique that allows gene transfer 

between unrelated genera or species. This technique has also been used in crop 

improvement. Compared with the conventional breeding, genetic engineering has its 

own advantages. Firstly, it extends genetic base because theoretically genetic 

engineering can transfer agronomically useful genes from different organism. Secondly, 

it is more effective because it avoids the problem of linkage drag associated with the 

conventional breeding and it is less time consuming.  

Contrary to the classical breeding and marker assisted selection approaches, direct 

introduction of genes by genetic engineering seems to be more attractive and quick 

solution for improving stress tolerance (Dunwell, 2000; Wang et al., 2003). To date, 

many genetically engineered crops have been developed and commercialized, including 

insect resistant cotton and maize, virus resistant potato, herbicide resistant soybean and 

canola. This has also been successfully applied to combat pests and for weed abatement. 

For abiotic stresses, engineering of stress proteins or the enzymes of biosynthetic 

pathways associated with stress responses has evolved as important methods for 

improving stress tolerance (McCue and Hanson, 1990; Bohnert and Jensen, 1996; 

Blumwald, 2000; Hong et al., 2000).    
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1.5.2.2.1        Tissue culture  

Establishment of tissue culture system is a pre-requisite for genetic transformation. The 

first successful plant regeneration system in sugarcane was established about 40 years 

ago (Barba and Nickel, 1969). Plant regeneration from callus through somatic embryos 

was reported by number of scientists (Liu and Chen, 1974; Nadar and Heinz, 1977; Zeng 

et al., 1979) but this was not supported by sufficient experimental evidences. Later on, 

convincing evidence of plant regeneration through somatic embryos was reported 

(Ahloowalia and Maretzki, 1983). Moreover, successful somatic embryogenesis and 

regeneration was further studied in sugarcane using different explants type and different 

growth medium composition (Falco et al., 1996; Brisibe et al., 1993; Khatri et al., 2002; 

Khan et al., 2004; Asad et al., 2009). The development of somatic embryogenesis (SE) 

was a turning point in sugarcane biotechnology (Lakshmanan et al., 2005 and Ming et 

al., 2006). Callus production and regeneration ability in sugarcane is highly genotype 

dependent (Gandonou et al., 2005; Burner, 1992).  

For successful genetic transformation, efficient selection system is needed. This can be 

achieved through negative selection using suitable selective agent (Park et al., 1998). 

The most important and widely used selectable marker is nptII (neomycin 

phosphotransferase) gene conferring resistance to phytotoxic amino-glycoside 

antibiotics, kanamycin and geneticin (Bower and Birch, 1992; Fitch et al., 1995). 

Geneticin was used as selective agent for sugarcane embryogenic callus (Bower and 

Birch, 1992). Since, the minimal inhibitory concentration of selective agent has been 

shown to be tissue and species specific (Cai et al., 1999; Yu et al., 2003), it is very 

necessary to know the minimal inhibitory concentration of selective agent for different 

sugarcane cultivars before attempting sugarcane genetic transformation.  

1.5.2.2.2        Sugarcane genetic transformation 

The genetic transformation of sugarcane has been possible since with the transformation 

of protoplast by using polyethylene glycol (Chen et al., 1987) and electroporation 
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(Rathus and Birch, 1992a). In the previous years, massive research efforts have been 

focused on sugarcane with the aim of establishing an efficient and reliable sugarcane 

transformation system to improve various traits of interest in sugarcane. A micro-

projectile delivery system has been described which produces large number of 

transiently expressing sugarcane suspension cultures (Franks and Birch, 1991). Bower 

and Birch, (1992) reported the production of transgenic plants by bombardment of 

embryogenic callus with high velocity DNA-coated micro-projectiles. They reported that 

optimal bombardment conditions for embryogenic callus required higher micro-

projectiles velocity than those previously found effective for sugarcane suspension 

cultures. Transformation in sugarcane was further commenced with reporter genes to 

establish the stability of transgene expression and any other effect of gene transfer 

process (Hansom et al., 1999) and progressed to production traits including resistance to 

herbicides (Enriquez-Obregon et al., 1998; Falco et al., 2000; Gallomeagher and Irvine, 

1996), viruses (Gilbert et al., 2005; OGTR, 1997), bacteria (Zhang et al., 1999), fungi 

(Enriquez et al., 2001) and insect pests ( Arencibia et al., 1999; Braga et al., 2003; 

Setamou et al., 2002). Sugarcane has been also genetically modified for sugar yield and 

quality traits (Botha and Groenewald 2001; Vickers et al., 2005), pharmaceuticals 

(Wang et al., 2005), novel sugars with potential benefits to consumer (OGTR, 2004). 

Till now only few scientists have tried to develop drought tolerant transgenic sugarcane 

plants by expressing the key enzymes for osmolyte biosynthesis. Zhang et al., (2006) 

reported the expression of Grifola frondosa trehalose synthase (Tsase) gene for 

improving drought tolerance in sugarcane. Their results showed that transgenic plants 

transformed with 2 x 35S Tsase gene can accumulate high concentrations of trehalose 

and have enhanced tolerance to drought. Similarly, Wang et al., (2005) developed the 

transgenic sugarcane plants harboring Grifola frondosa synthase gene confirmed by 

PCR and Southern analysis. They reported that some transgenic plants showed multiple 

phenotypic alterations and some plants demonstrated improved tolerance to osmotic 

stress. In another study, Molinari et al. (2007) evaluated the stress inducible production 

of proline in transgenic sugarcane. Their results suggested that stress inducible proline 
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accumulation in transgenic sugarcane plants under water deficit stress acts as a 

component of antioxidant defense system rather than as osmotic adjustment mediator.  

1.5.2.2.3     Multiple ways to improve drought tolerance through genetic 

engineering 

Molecular and cellular responses to abiotic stress include perception, signal transduction, 

to cytoplasm and nucleus, gene expression and finally metabolic changes leading to 

stress tolerance. Transcriptome analysis has showed that genes activated by stress could 

be classified into two groups according to function of their products (Bohnert et al., 

2001; Seki et al., 2001; Zhu et al., 2001). The first group comprised of functional 

proteins such as membrane proteins that regulate water movement through membranes 

(membrane transporters and water channels proteins; osmolyte biosynthesis enzymes 

(betaine, proline and sugars), enzymes for detoxification enabling cellular, physiological 

or biochemical metabolism to maintain a normal level (Hydrolase, catalase and 

glutathione S-transferase, glutamate dehydrogenase) and proteins for the protection of 

macromolecules (osmotin, LEA protein, chaperons, antifreeze proteins and mRNA 

binding protein).Tolerance to drought or high salinity can be improved by introduction 

of genes encoding late embryogenesis abundant (LEA) proteins, proline synthetase and 

membrane proteins such as transporter AVP1, AtNHX1, etc. Lightfoot et al., 2008  

developed drought tolerant transgenic Zea plants by expressing the glutamate 

dehydrogenase gene (gdhA) of E. coli. Similarly, Castiglioni et al., 2008 demonstrated 

that expression of cold shock proteins, CspA from Escherichia coli and  CspB from 

Bacillus subtilis in planta conferred abiotic stress tolerance in plants and improved grain 

yield in maize under water limited conditions. 

The second group consists of regulatory proteins, i.e. dehydration responsible element 

binding transcription factors (DREB), bZIP e.t.c., protein kinases (CDP kinase, receptor 

protein kinase, MAP kinase, transcription regulation protein kinase and ribosomal 

protein kinase) and proteinases (phospholipase C and phosphoesterases) involved in the 

regulation of signal transduction and gene expression (Agarwal et al., 2006). 
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1.5.2.2.4        Proton transporters and their mechanism of action 

Cells spend as much as 50% of total intracellular energy to maintain ion gradient across 

the membranes (Nelson, 1999). The electrochemical potential of these ion gradients 

represent stored energy and this gradient associated with innumerable functions, related 

to the membrane of living organisms. Plants and fungi utilize proton (H
+
) 

electrochemical gradient (PEG) to energize the transport of ions across the cell 

membranes (Sze et al., 1999) while animals use Na
+
 ions as the driving force for these 

processes (Gaxiola et al., 2002). The generation and use of this PEG in plants is 

performed by membrane transport proteins (primary and secondary transporters which 

represent approximately 5% of the Arabidopsis genome (Maser et al., 2001). 

In plants, primary transporters are involved in the generation of PEG. These transporters 

are proton pumps that transport H
+ 

either to the extracellular space or into the vacuolar 

lumen which is the largest intracellular H
+
 bank. Plants have three different H

+
 

transporters, in addition to the mitochondrion and chloroplast H
+
-ATPases; the plasma 

membrane ATPase (PM H
+
-ATPase) is located in the plasma membrane and pumps out 

H
+
 out of the cell. The vacuolar ATPase (V-ATPase) and the vacuolar pyrophosphatase 

(H
+
-PPase) are located in the endosomes (vacuoles, pre-vacuolar bodies and golgi 

vesicles). They pump H
+
 into the lumen of these organelles (Gaxiola et al., 2002).  

1.5.2.2.4.1        Plasma membarane P-ATPase (PM H
+
-ATPase): 

The plasma membrane ATPase belongs to the P-type ATPase super-family of ion 

pumps, which are characterized by the formation of a phosphorylated intermediate 

during the reaction cycle and vanadate inhibition. It is single subunit protein that has 8-

12 trans-membrane segments (TM), with N and C terminal domains exposed to 

cytoplasm and a large central cytoplasmatic domain that includes phosphorylation and 

ATP binding sites. In Arabidopsis, a total of 45 genes encoding P-type ATPases have 

been identified. They include 12 plasma membrane H
+
 translocating ATPases genes 

(AHA1, AHA12), 14 Ca
2+ 

ATPases and seven different heavy metal pumps (Axelsen and 
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Palmgren, 2001). PM H
+
-ATPase pushes out H

+ 
from the cell using ATP   as substrate 

which results in gradient that makes the uptake and efflux of ions and metabolites across 

the plasma membrane (Sze et al., 1999). It is involved in nutrient uptake, phloem 

loading, elongation growth and establishment of turgor. Moreover, it also establishes the 

membrane potential which determines the direction and the degree of the passive flow of 

ions, in or out of the cell, through their ion specific channels.  

1.5.2.2.4.2        Vacuolar V-ATPase 

It includes in the F-type, V-type and A-type ATPase super family of ion pumps, which 

are large and multimeric enzymes composed of two complexes; V1 or F1 peripheral 

complex which has at least 5 sub-units and catalyze hydrolysis of ATP while the other 

Vo or Fo membrane associated complex has 3 subunits and acts as ion conducting 

channels (Voet and Voet, 1995).  F type ATPases are present in bacteria, mitochondria 

and chloroplast and produce the ATP from ADP at the cost of electrochemical gradient 

difference. The A-type ATPase is present in Archaea and is similar to F-type ATPases. 

V-type ATPases are found in vacuoles and other endosomal compartments of cell in 

eukaryotes and involved in endosomal acidification by pumping H
+ 

into luminal side of 

these compartments, which participate in receptor mediated endocytosis, intracellular 

trafficking and protein degradation (Sagarmann et al., 2001). In Arabidopsis, V-type 

ATPase complex are multi-subunit complex which are at least ten and encoded by 26 

genes (Sze et al., 2002). 

1.5.2.2.4.3        Vacuolar pyrophosphatase 

The vacuolar H
+
- pyrophosphatase (H

+
PPase) belongs to H

+ 
translocating 

pyrophosphatase family which is typified by the use of in-organic pyrophospahtase (PPi) 

as an energy source (Taiz, 1992; Shiratake et al., 1997; Serranno and Alonso, 2001). 

Structurally, H
+
PPases are homodimers of a 75-81 kda polypeptide that has 14-16 

transmembrane segments (Drozdowiez and Rea, 2001). Its catalytic domain is located in 

the third loop exposed to the cytoplasmic side (Maeshima, 2000). The H
+
PPase family 
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includes pumps found in vacuolar and golgi membranes of higher plants, algae, 

protozoa, bacteria and archea (Drozdowiez and Rea, 2001). Despite this the H
+
PPase has 

also been observed in the plasma membrane of Ricinus communis seedlings (Long et al., 

1995), cauliflower inflorescence (Ratajczak et al., 1999) and Arabidopsis thaliana (Li et 

al., 2005). Most of these enzymes operate in the hydrolytic mode by breaking PPi 

molecules. Nevertheless, some other pumps, such as the H
+ 

PPi synthase from 

Rhodospirillum ruburum operate in the reverse direction (Drozdowiez and Rea, 2001). 

There are two types of H
+ 

PPase present in plant cells (Type I its activity is K
+ 

dependent 

and Type II K
+ 

independent (Drozdowiez et al., 2000).  

H
+ 

PPase use the low cost PPi, which is generated as a by-product from many 

biosynthetic reactions, as a substrate to pump H
+ 

into intracellular compartments, 

contributing to the transmembrane H
+ 

gradient. This enzyme pumps one H
+
 for each PPi 

molecule. The real substrate for H
+ 

PPase is Mg
2+

 -PPi therefore Mg
2+ 

is an essential 

cofactor.  The type I H
+
 -PPase coexists with the H

+
 -ATPase in the vacuolar membrane 

(Taiz, 1992). The activity of this pump was observed in the fibrous root system of 

carrots as a residual tonoplast H
+
 activity in a V-ATPase antisense mutant (Gogarten et 

al., 1992). It has been shown that amount of H
+
 -PPase are upregulated under stress 

mineral deficient, anoxia or chilling stress conditions,  (Maeshima, 2000; Kasai et al., 

1998; Carystinos et al., 1995). 

1.5.2.2.5        AVP1 and its expression 

Heterologous expression of the AVP1 gene in Saccharomyces cerevisiae proved that its 

product is sufficient to provide the activity of the H
+
-PPase in substrate binding and 

proton pumping (Kim et al., 1994). Additionally, salt sensitive Saccharomyces 

cerevisiae enaI
-
 mutants have been successfully suppressed by the heterologous 

expression of AVP1 gene (Gaxiola et al., 1999). Transgenic Arabidopsis thaliana over-

expressing AVP1 gene were more salt and drought tolerant than the wild type (Gaxiola et 

al., 2002). This over-expression also resulted in plants with several morphological 
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variations such as enhanced number of rosette leaves, leaf area with higher cell numbers, 

root growth, dry weight and enhanced auxin transport (Li et al., 2005). The over-

expression of the AVP1 allele (AVP1-D) improves drought tolerance in transgenic 

tomato plants. These transgenic tomato plants showed higher tonoplast PPi-dependent 

Ca
+
 uptake and had greater leaf water potential under water deprivation. These plants 

also showed increased root biomass and robustness which permits improved water 

deficit recovery (Park et al., 2005). Other groups also showed that over-expression of 

similar genes encoding vacuolar membrane-bound pyro-phosphatase (H
+
PPase or H

+
 

pump) can increase both salt and drought tolerance in heterologous system, including 

rice (Zhao et al., 2006) and tobacco (Gao et al., 2006).  Similarly, Brini et al., (2007) 

described that over-expression of wheat vacuolar H
+
-PPase TVP1 and Na

+
/H

+
 antiporter 

in transgenic Arabidopsis showed much more resistance to water deprivation and high 

concentrations of NaCl than that of wild type. In another study, AVP1 transgenic cotton 

plants were developed through silicon carbide whisker-mediated gene transfer system. 

These transgenic cotton plants exhibited significant enhancement in salt tolerance as 

compared to control (Asad et al., 2008). In the study reported by Li et al., (2008), it was 

shown that TsVP gene (vacuolar H
+
-pyrophosphatase) from dicotyledonous halophyte 

Thellungiella halophila could be transferred into the monocotyledonous maize crop. 

Heterologous expression of this transgene improved the drought resistance in transgenic 

maize. They described that transgenic plants showed higher percentage of seed 

germination, better developed root systems, greater biomass, greater solute 

accumulation, less cell membrane damage relative to wild type plants under osmotic 

stress where as drought stressed plants showed less growth retardation, shorter anthesis-

silking intervals and produced much larger grain yield than wild type plants. 

The H
+
-ppase gene (TsVP gene), was transferred into cotton in sense and antisense 

orientation under the control of CaMV 35S promoter. The transgenic plants over-

expressing the H
+
-ppase were much more resistant to 150 and 250 mM NaCl than the 

isogenic wild type plants. In contrasts, the plants from antisense line with lower H
+
-

PPase activity were more sensitive to salinity than the wild type plants. Over-expressing 
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TsVP in cotton improved shoot and root growth and photosynthetic performance (Lv et 

al., 2008). Further, Bao et al., (2009) reported that over-expression of AVP1 gene 

confers enhanced salt and drought tolerance to the transformed alfalfa. Trangenic alfalfa 

showed better growth in the presence of 200 mM NaCl and also under water deprivation 

condition. Full length genomic AVP1 gene (3.2 Kb) was isolated and used to transform 

tobacco. Transgenic tobacco plants were screened against different salinity 

concentrations (50-250 mM NaCl). These transgenic plants showed better growth and 

tolerance to 250 mM NaCl where as the control plants showed wilting within 36-48 

hours of salt treatment. Under periodic drought stress treatment, these transgenic plants 

were significantly more tolerant than wild type plants (Ibrahim et al., 2009).  

Lv et al., (2009) transformed TsVP H
+
PPase gene from Theligeulla halophila into two 

cotton varieties. The measurement of isolated membrane vesicles and vacuolar 

membrane vesicles demonstrated that transgenic plants had higher V-H
+
PPase activity 

compared with wild type plants. Over-expression of TsVP in cotton improved shoot and 

root growth, and transgenic plants were much more tolerant to osmotic/drought stress 

than wild type plants. Recently, over-expression of AVP1 in cotton showed more 

vigorous growth than wild type plants in the presence of 200 mM NaCl in hydroponic 

growth conditions. The soil-grown AVP1-expressing cotton plants also showed 

significantly improved tolerance to both drought and salt stress in green house 

conditions. Further more the fibre yield of AVP1-expressing cotton plants is 20% higher 

than that of wild type plants under dry land conditions (Pasapula et al., 2010). To our 

knowledge, no report is present regarding the exploitation of AVP1 proton pump 

potential in sugarcane. 

1.6        Objectives of the study 

The above point of view clearly indicates that AVP1 gene can be used to create drought 

tolerance in plants. Sugarcane crop is highly water loving crop and water deficit has 

strong negative effects on its yield and productivity. The purpose of this study is to 
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investigate the possibility to engineer enhanced drought tolerance in local sugarcane 

cultivars with the following specific objectives:  

 Screening of different sugarcane genotypes for callus induction, embryogenic 

callus production and regeneration  

 Optimization of selective agent (Geneticin) concentration for different sugarcane 

genotypes 

 Genetic transformation of local sugarcane cultivars with AVP1 gene for drought 

tolerance 

 Molecular analyses of putative transgenic sugarcane plants 

  Agronomic and physiological analyses of transgenic sugarcane lines after 

drought stress
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CHAPTER 2 

Materials and Methods 

The studies were conducted at Agriculture Biotechnology Division (ABD) of the 

National Institute for Biotechnology and Genetic Engineering (NIBGE), Faisalabad, 

which provided all experimental support for the studies carried out during the period 

September 2006 to September 2010. 

 2.1      Response of different sugarcane genotypes to callus induction, 

embryogenesis and regeneration 

2.1.1        Plant material 

Two commercial cultivars (CPF-237 and CPF-245) and advance lines (S-2003US633, S-

2003US114) from the Sugarcane Research Institute (SRI), Faisalabad, Pakistan while 

one advanced line CSSG-668 from Shakarganj Sugarcane Research Institute (SSRI), 

Jhang, Pakistan were used in this study. These cultivars were selected on the basis of 

better agronomic performance. 

2.1.2       Explant preparation 

Upper portions of all these sugarcane cultivars were taken and processed further. Apical 

portions of healthy shoots were stripped to the terminal bud and leaf rolls were peeled 

under sterile conditions to cylinders approximately 5 mm in diameter which were 

surface sterilized by wiping with 70% ethanol. Serial slices (3 mm thick) were removed 

from the part immediately above the apical meristem. Ten to fifteen slices were made 

from each cylinder. 
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2.1.3        Callus induction 

The retrieved apical discs were cultured in replicates on an optimized callus induction 

medium (CIM; Table 1). The cultured explants were placed in dark at 26±2 
O
C and 

further transferred onto fresh callus induction medium after every 2-3 weeks for long-

term maintenance. After 4-8 weeks, callus induction was observed and percentage was 

calculated as the explants with induced callus over the total number of used explants. 

Similarly, embryogenic callus percentage was calculated as the explants with induced 

embryogenic callus over total number of explants used multiplied by hundred. The 

discrimination between embryogenic and non-embryogenic callus were done on 

morphological basis.  

2.1.4        Regeneration 

For regeneration of explants, callus was cultured on regeneration medium (RM) and 

after 8-12 weeks, regeneration frequency was calculated by dividing the number of 

regenerated calli with total number of explants used multiplied by hundred. The 

experiment was conducted in three replicates. 

2.2        Optimization of selection agent (Geneticin G-418) 

Stock solution (80 mg/L) of geneticin (G-418, Phyto Technology Laboratories
®
, USA) 

was prepared, filter sterilized and stored at 4 
O
C. Five different concentrations  (0, 20, 

40, 60 and 80 mg/L) of geneticin were used in CIM (Section 2.1; Table 2.1) to optimize 

selection conditions. Embryogenic callus of CSSG-668, CPF-245, S-2003US114 and S-

2003US633 was divided into portions (approximately 2-4 mm in diameter) and then 

cultured on CSM (Section 2.1; Table 2.1) and RSM (Section 2.1; Table 2.1) for one 

month on each media. The cultivar CPF-237 could not be used in this experiment due to 

non-availability of enough embryogenic calli. The callus portions were sub-cultured 

after two weeks. The data on survival, dead calli and regeneration frequencies were 

recorded after two months treatment on selection medium. The percentage of dead calli 
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was calculated by dividing number of dead calli with total number of calli multiplied 

with hundred. Similarly, survival percentage was calculated by dividing number of 

surviving calli with total number of calli multiplied with hundred. The regeneration 

percentage was calculated by dividing number of regenerated calli with total number of 

survived calli multiplied with hundred. The treatment exhibiting 10% survival was 

considered as optimum. The experiment was conducted in replicates and repeated twice 

to ensure reproducibility. Details of medium composition are given in Table 2.1. 

 2.3      Biolistic mediated transformation to verify the optimized 

selection  

The optimized selective agent concentration showing 10% callus survival percentage 

was further used to observe the effectiveness for transformed embryogenic calli of 

CSSG-668. Genetic transformation with pGreen0029 vector (Hellens et al., 2000) with 

some modifications as described by Asad et al. (2008) having nptII selection marker and 

GUS as a reporter gene was carried out in sugarcane embryogenic calli by the Biolistic 

mediated transformation method.  

2.3.1        Tissue preparation for bombardment  

The explants of cultivar CSSG-668 were retrieved as mentioned in section 2.1.2 and 

cultured on callus induction medium to induce the callus.  After 4-6 week, both 

embryogenic and non-embryogenic callus were induced. The embryogenic callus was 

picked and cultured on CIM (Section 2.1; Table 2.1) for proliferation. The proliferated 

embryogenic callus was arranged in the center of petri plates 3 days before 

bombardment.  
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Table 2.1: Composition of callus induction medium (CIM), callus selection medium 

(CSM), regeneration Medium (RM), regeneration selection medium 

(RSM) and rooting selection medium (RtSM ) 
Ingredients CIM 

(Quantity 

per liter) 

 CSM 

(Quantity per 

liter) 

RM 

(Quantity per 

liter) 

RSM 

(Quantity per 

liter) 

RtSM  

Commercial MS with 

salts & vitamins (M519, 

Phyto Technology 

Laboratories
®
) 

4.43 g 4.43 g 4.43 g 4.43 g 2.21 g 

Casein Hydrolysate 0.5 g 0.5 g Nil Nil Nil 

Myo-inositol 1 g 1 g 1 g 1 g 1 g 

2-4-D 4 mg 4 mg 0.5 mg 0.5 mg 0.5 mg 

Thiamine HCl 4 mg 4 mg Nil Nil Nil 

Arginine 4 mg 4 mg Nil Nil Nil 

Sucrose 3% 3% 3% 3% 4% 

BAP Nil Nil 2 mg 2 mg 0.5 

NAA Nil Nil 1 mg 1 mg Nil 

IBA Nil Nil Nil Nil  3 mg 

Kinetin Nil Nil 0.5 mg 0.5 mg 0.5 

Geneticin Nil 0, 20, 40, 60, 

80 mg 

NIL 0, 20, 40, 60, 

80 mg 

40 mg 

Agar 0.8% 0.8% 0.8% 0.8% 0.8% 

Table 2.2: Growth regulators and their stock preparations 
Growth 

regulator 

Stock 

concentrations 

(mg/L) 

Preparation Storage 

(
o
C) 

Sterilization 

BAP 1,000 50 mg BAP was initially dissolved in 5 

ml 1 N NaOH. Then volume was made 

up to 50 ml with double distilled 

deionized (ddH2O) water.  

4 Co-autoclave 

with medium 

IAA 1,000 50 mg of IAA was dissolved in 5 ml 

ddH2O water. Then the volume was 

made to 100 ml with ddH2O 

----do----

- 

----do----- 

NAA 1,000  50 mg NAA was dissolved in 5 ml 1 N 

NaOH. Then volume was made to 100 

ml with DDH2O  

----do----

- 

----do----- 

IBA 1,000  50 mg IBA was dissolved in 1 N NaOH 

(5 ml), then volume was made to 50 ml 

with ddH2O 

----do----

- 

----do----- 

Kinetin 1,000  50 mg kineton was dissolved in 1 N 

(NaOH), then ddH2O was added up to 

50 ml. 

----do----

- 

----do----- 

2,4-D 1,000  50 mg 24-D was dissolved in 5ml 

ethanol and placed on stirrer, while 

----do---- ----do---- 
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stirring double distilled deionized water 

was added to make the volume to 50 ml. 

 

 

Figure 2.1:   Physical map of recombinant plasmid pGreen0029; double enhancer 

of 35S cauliflower mosaic virus promoter (2x35S); beta-glucuronidase 

(GUS); nopaline synthase promoter sequence (Pnos); octopine synthase 

terminator sequence (Tocs); neomycin phosphotransferase gene II 

(nptII) and nopaline synthase terminator sequence (Tnos).  

Table 2.3: GUS staining solution 

Components In 100 ml 

5-bromo-4-chlloro-3-indoyl-β-D-

glucuronide, cyclohexyl-ammonium salt 

88.9 mg 

Chloramphenicol 100 mg 

NaH2PO4 (0.2 M stock) 10 mg 

Triton-X-100 1 ml 

Methanol 20% 

pH 7-8 
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2.3.2       Biolistic mediated transformation 

2.3.2.1        Sterilization of bombardment accessories 

PDS-1000/He Biolistic gun (Bio-Rad, California, USA) bombardment chamber was 

sprayed and allowed to air dry in sterile conditions, in laminar air flow cabinet. Rupture 

discs, stopping screen, macro-carriers and macro-carrier holders were dipped in 70% 

ethanol in sterilized petri plates in laminar flow air cabinet. After 10 minutes, all the 

accessories were taken out from ethanol and allowed to dry under the aseptic conditions 

in laminar flow. 

2.3.2.2        Gold particles preparation 

Three milligrams of 1 µm diameter gold particles (Bio Rad, California, USA) were 

weighed in sterile Eppendorf tube. Then 500 µl of absolute ethanol was added and 

vortexed at high speed for 10 minutes. The gold particles were centrifuged for 5 seconds 

at 14000 rpm and supernatant (ethanol) was discarded with out disturbing the pellet. 

Gold particles were washed with 500 µl sterile double distilled water, vortexed for 5 

minutes, centrifuged for 30 seconds and the water was discarded with out disturbing the 

gold pellet. This washing step was repeated thrice.  Finally, gold particles were 

resuspended in 50 µl sterile ddH2O, vortexed and briefly immersed the tube in sonicating 

water bath to break any gold aggregates before proceeding to DNA precipitation. 

2.3.2.3         DNA precipitation 

To the 50 µl gold suspensions in water, 6 µl plasmid DNA (DNA concentration 1.0 

µg/µl) was added, followed by 20 µl of spermidine (0.1 M, free base form) and 50 µl of 

CaCl2 (2.5 M). The contents were mixed by vortexing at low speed for three minutes. 

Tube was kept in ice for 1 minute to settle down the particles.  The contents were 

centrifuged at low speed for 30 seconds and supernatant was discarded. Pellet was 

washed with 250 µl ice cold absolute ethanol. After washing, the ethanol was removed 
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and finally the DNA coated gold particles were suspended in 60 µl absolute ethanol. 

Eight µl of DNA-gold suspension was taken and suspended in the center of macro-

carriers fixed in steel holders. Then it was allowed to air dry for 2-3 minutes in sterile 

laminar flow. 

2.3.2.4        Bombardment 

The rupture disc retaining cap was unscrewed from the gas acceleration tube and 1100 

psi burst pressure rupture disc was placed in the recess of the rupture disc cap. The 

rupture disc-retaining cap was screwed on to gas acceleration tube. Micro-carrier launch 

assembly was removed from the sample chamber and unscrewed the macro-carrier cover 

lid from the assembly. The sterile stopping screen was placed on the stopping screen 

support. Macro-carrier holder with DNA coated micro-carriers was placed on the top rim 

of the fixed nest and placed the lid on the assembly and screwed. Then the macro carrier 

launch assembly was placed in the sample chamber in the second slot from the top.  

Embryogenic callus containing petri plate was put on the petri dish holder and placed the 

petri plate holder at a distance of 9 cm from the macro-carrier launch assembly. PDS-

1000/He power was turned on and pressure was set at 1400 psi from the gas regulator 

fixed at the He cylinder. The vacuum pump was turned on and evacuated the chamber up 

to 27 inches of mercury. Then the vacuum switch was put on HOLD position. The FIRE 

switch was pressed to allow gas pressure to build in acceleration tube. The FIRE switch 

was released immediately after the disc ruptured. Then vacuum was released and 

removed the bombarded petri plate out. Macro-carrier and stopping screen was 

discarded. Again, all the accessories were wiped with 70% ethanol and remaining shots 

were done. Six shots were done per batch. After the bombardment, the calli were spread 

on the medium and the plates were placed in the dark at 26+2 
o
C for 3 days.  
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2.3.3        Selection of the bombarded calli 

After three days, transformed and non-transformed embryogenic calli were cultured in 

replicates on CSM (Section 2.1; Table 2.1) using optimized (60 mg/L) geneticin 

concentration. Survival percentage of transformed and non-transformed embryogenic 

calli was noted after one month. 

2.3.4        Histochemical GUS assay 

This assay was conducted as reported by Jefferson et al., (1987). The GUS solution was 

made (Table 2.3), filters sterilized through 0.22 µm sterile filter and stored at -20 
o
C in 

amber bottle. Methanol was added to this solution to suppress the endogenous β-

glucuronidase activity following. Histochemical GUS assay of geneticin resistant calli 

was done by transferring each geneticin resistant callus to 500 μl X-Gluc staining 

solution after 15 days of bombardment and selection, followed by incubation for 24 h at 

37
 O

C. Percentage GUS activity was recorded as the number of blue calli over total 

number of geneticin resistant calli on selection medium multiplied by 100. 

2.4        Development of drought tolerant transgenic sugarcane 

2.4.1        Transformation vector 

The plasmid pZSI provided by Zahid Mukhtar (Agricultual Biotechnology Division, 

NIBGE, Faisalabad, Pakistan) contains Arabidopsis vacuolar pyrophosphatase proton 

pump (AVP1-H
+
) full length genomic clone which encodes tonoplast-specific protein to 

sequester H
+
 into vacuole lumen. It was under regulatory control of 35S promoter with 

double enhancers (2 x 35S) of the cauliflower mosaic virus and polyadenylation region 

from the nopaline synthase terminator (NOST). Plasmid DNA for particle bombardment 

were prepared by alkaline lysis and prior to transformation, supercoiled plasmid DNA 

was diluted to 1 µg/ml in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). 
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Figure 2.2: Physical map of plasmid pZSI;                                                                      

double enhancer of 35S promoter cauliflower mosaic virus promoter         

(2 x 35S); AVP1, arabidopsis vacuolar pyrophosphatase genomic clone 

(AVP1); cauliflower mosaic virus terminator sequence (CaMVT); nopaline 

synthase promoter sequence (Pnos);, neomycin phosphotransferase gene II 

(nptII);,nopaline synthase terminator sequence (Tnos).  

 

 

 

 

 

 

 

 



 

 

Materials and Methods 

 

 29 

 

2.4.2        Plant material  

The cultivar CSSG-668 was obtained from Shakarganj Sugarcane Research Institute 

(SSRI), Jhang, Pakistan due to drought sensitivity, better agronomic traits, better 

embryogenic calli production and regeneration potential. Embryogenic callus was 

prepared, arranged and bombarded (Section 2.3.1). 

2.4.3        Plants regeneration  

After bombardment, the calli were divided into parts and cultured on CIM (Table 2.1; 

Section for 3 days placed in the dark at 26 
o
C. Then these calli parts were cultured on 

CSM (Section 2.1; Table 2.1) and sub-cultured after every 10 days. The survived calli 

were then cultured on RSM (Section 2.1; Table 2.1) for regeneration. Regenerated 

plantlets (T0) were placed on RtSM (Section 2.1; Table 2.1) in the jar. Plants with roots 

transferred in the glass pots containing peat moss for hardening and placed in growth 

room. After hardening, the plants were then shifted in large pots containing soil and 

placed in the glass house till maturity. After maturity, the seed sets from thirteen T0 

plants were obtained and used for water deficit experiment. 

2.4.4           Molecular characterization of putative transgenic sugarcane plants (T0) 

2.4.4.1        Isolation of genomic DNA from putative transgenic sugarcane plants 

The regenerated plants (T0) established in soil were subjected to detect of transgene. 

Total genomic DNA was extracted from fresh leaf material of putative transgenic plants 

by the CTAB method (Reichardt and Rogers, 1994). In this method, 15 ml of 2X 

cetyltriethylmethylammonium bromide solution (Table 2.4) plus 2% mercaptoethanol 

was taken in 50 ml falcon tube and placed at 65 
o
C in water bath for 30 minutes. About 

two gram of fresh leaf material was ground to a fine powder in liquid nitrogen, added 

this material in preheated 15 ml 2X CTAB solution and incubated at 65
o
C for one hour 
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with occasional swirling. After this, falcon tube was taken out of water bath, placed at 

room temperature for a while. Equal volume (15 ml) of chloroform: iso-amyalcohol 

(24:1) was added in CTAB solution and mixed. Centrifugation was done in swinging 

rotor 54180 at 4000 rpm at room temperature for 15-20 minutes. Aqueous phase was 

transferred to a new falcon tube, two third volume of cold iso-propanol was added and 

mixed to precipitate the nucleic acids and placed at -20 
o
C for 30 minutes. Again 

centrifugation was performed at 4000 rpm for 15-20 minutes; pellet was obtained and 

washed with 70% ethanol. The pellet was re-suspended in TE (1 ml); 1µl RNase (10 

mg/ml; Table 2.4) was added and incubated at 37 
o
C for 30 minutes. Afterwards, one 

tenth of Na-acetate (3 M) and 0.6 volume of cold isopropanol was added and placed at -

20 
o
C for overnight or for 2 hours. Then centrifugation was done at 6000 rpm for 15 

minutes and pellet was retrieved. The pellet was washed with 70% cold ethanol very 

carefully and air dried. The pellet was dissolved in 1 ml TE or double distilled 

autoclaved water (ddH2O) in an eppendorf tube.  Optical density (OD) was measured at 

260 and 280 nm by using UV/VIS spectrophotometer (Beckman Coulter, Inc., 

Indianapolis, USA). An OD260 of 1 corresponds to a dsDNA concentration of 50 µg/ml. 

The ratio 260/280 indicates the purity of DNA and it should be between 1.8 -2.0 

(Sambrook et al., 1989).   

2.4.4.2        Agarose gel electrophoresis 

PCR amplified products were size fractionated by 1% (w/v) agarose gel electrophoresis 

and stained in ethidium bromide (0.5 µg/ml) for visualizing the DNA bands. The gel was 

placed in gel tank containing 0.5X TAE buffer (Table 2.4), 10 µl of PCR products from 

each reaction was mixed with 3 µl of 6X loading dye (Fermentas, Germany; Table 2.4) 

and loaded to agarose gel. Respective sizes of fragments were estimated by comparing 

with 1 kb ladder (Fermentas, Germany). PCR products along with 1 kb DNA ladder 

were electrophoresed at 80 volts for 30-60 minutes and visualized on an ultraviolet 

transilluminator. The photographs were prepared using Eagle Eye still video system to 

document the results (Stratagene, San Diego, CA, USA). 
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Table 2.4: Solution and buffers for genomic DNA isolation and agarose gel 

electrophoresis 

Chemicals Amount Preparation 

2XCTAB 

CTAB 20 g All the chemicals were 

dissolved in distilled water 

and final volume was made 

up to 1000 ml. Then it was 

autoclaved and placed at 

room temperature for 

further use. 

0.5 M EDTA (pH 8.0) 40 ml 

Tris HCl (pH 8.0) 100 ml 

5M NaCl 280 ml 

PVP (polyvinylpyrrolidone) 10 g 

3 M Na acetate (pH 5.2) 

Sodium acetate.3H2O 40.8 g  pH 5.2 was adjusted with 

glacial acetic acid Water 80 ml 

RNase solution 

Pancreatic Rnase 5-10 mg 5-10 mg RNAse was 

dissolved in 1 ml of TE 

buffer and boiled for 5 

minutes. Then it was 

allowed to cool slowly at 

room temperature for at 

least 5 hours 

Buffers and solutions 

Chemicals Amount Preparation 

TE Buffer, pH 8.0 

Trizma base 0.605 g This amount was dissolved 

in water and the volume 

was made up to 500 ml. pH 

8.0 was adjusted with HCl 

and then solution was 

Na-EDTA 0.186 g 
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autoclaved.  

50X Tris acetate EDTA buffer (TAE) 

Tris base 121.0 g Tris base was dissolved and 

added the quantity of 

remaining chemicals. Then 

made the final volume up to 

500 ml with distilled water.   

Glacial acetic acid 28.55 ml 

0.5 M EDTA (pH 8.0) 100 ml 

6X Gel loading buffer   

Bromophenol blue (10%) 1 ml These amounts were mixed 

and stored at -20 
o
C in 

aliquots. 

Xylene cyanole FF (10%) 1 ml 

Glycerol 5 ml 

TAE (10X) 1 ml 

Water 2 ml 

Ethidium Bromide Solution 

Ethidium Bromide (5 mg/L) 0.5 g Dissolved using a magnetic 

stirrer, made the volume to 

100 ml and stored in dark 

or wrapped the bottle with 

aluminum foil. 

Water 45 ml` 

Table 2.5: Primers used for amplification of AVP1 and nptII gene 

S.No. Primer Description Primer Description 

1 AVP1 (Forward) GCA ATC TTC ATC CCA AGG AA 

2 AVP1 (Reverse) GCT CTG TTG AGG GAT TCA GC 

3 AVP1 (Partial 

Reverse) 

AGC ACC AGA CCT GAA TGC AAA AAT GAA 

CGC 

4 nptII (Forward 5’ CACGCAGGTTCTCCGGCCGC 3’  

5 nptII (Reverse) 5’ TGCGCTGCGAATCGGAGCG 3 
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2.4.4.3      Analysis for the detection of transgenes in putative T0 transgenic 

sugarcane plants 

The internal fragment (600 bps) of AVP1 gene was amplified using specific 5' forward 

and 3' partial reverse primers (Table 2.5). The nptII gene fragment ( 50 bp) was 

amplified using specific full length 5  forward and 3 
 
reverse primers (Table 2.5). The 50 

µl reaction volume was made by adding 2 µl (100 ng) genomic DNA, 5 µl PCR buffer 

(10X), 3 µl MgCl2 (25 mM), 1 µl dNTPs (10 mM), 1 µl each forward and reverse primer 

(5 µM), 0.5 µl Taq polymerase (2.5 U), 36.5 µl ddH2O in 0.5ml PCR tube. The PCR 

profile was as follows;  1 cycle 94
o
C for 5 minutes then 35 cycles at 94

 o
C  for 1 minute, 

52
 o

C (AVP1 gene)/58
o
C (nptII gene) for 1 minute and 72 

o
C  for 1 minute followed by 

10 minutes final extension at 72 
o
C; 50 ng plasmid DNA was used as positive control. 

The amplified DNA was analyzed as mentioned in section 2.4.4.2.  

2.4.4.4        Southern analysis 

Southern hybridization method was same as described by Sambrook et al., (1989) and 

following were the major steps for this analysis. 

2.4.4.4.1        Digestion and separating DNA samples on an agarose gel 

Total genomic DNA (10-15 µg) of transgenic and non-transgenic lines were isolated 

using CTAB method (Section 2.4.4.1) and digested overnight with EcoR1 enzyme. To 

this amount of DNA, 10 µl of 10X reaction buffer and 3 µl of EcoR1 (10 U/µl) were 

added and placed for overnight incubation at 37
o
C. 

2.4.4.4.2        Transferring DNA to membrane (capillary transfer method)  

The overnight digested samples were then overnight size fractionated by electrophoresis 

on 1% agarose gel under low voltage (20-25 volts). Prior to transfer, the DNA in the gel 

was depurinated by submerging the gel in 250 ml 0.25 N HCl with shaking for 20 

minutes at room temperature. The gel was thoroughly rinsed with sterile double distilled 
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water. Then the DNA in the gel was denatured by submerging the gel twice in 

denaturation solution (0.5 N NaOH, 1.5 M NaCl) for 15 minutes at room temperature 

with gentle shaking. The gel was rinsed with sterile double distilled water. After 

denaturation, the gel was submerged twice in neutralization solution (0.5 M Tris-HCl, 

1.5 M NaCl, pH 7.5) for 15 minutes at room temperature with gentle shaking. The gel 

was equilibrated for at least 10 minutes in 10X SSC (3 M NaCl, 300 mM sodium 

citerate, pH 7.0). DNA was overnight transferred on nylon membrane by capillary 

method in 10X SSC transfer buffer. The membrane was removed and washed with 2X 

SSC. The DNA was crosslinked by exposing the membrane in a UV cross linker (CL-

1000 Ultraviolet Crosslinker-UVP, Cambridge, England) at 120 mJ/cm
2
 energy for 2 

minutes.  

2.4.4.4.3        Synthesis of radio-labeled [α
32

 P] dATP probes 

AVP1 specific gene fragment was amplified from plasmid and purified by using 

CONCERT
TM

 Rapid Gel Extraction system (GIBCO BRL, California, USA) according 

to supplier’s instructions. The purified product of specific gene was labeled by using 

Rad-Primed labeling kit (GIBCO-BRL, USA) following manufacturer’s instructions. 

The probe was prepared in 50 µl final reaction volume. First, 25 ng of template DNA 

(PCR purified product) was taken in microfuge tube and 20 µl of sterile ddH2O was 

added to it. Denaturation of this template DNA was done by placing microfuge tube in 

boiling water for 5 minutes. After that, microfuge tube was placed immediately on ice. 

Then 1 µl of each dGTP, dCTP, dTTP, 20 µl of 2.5X random primer solution/buffer and 

5 µl of radio-labeled [α
32

 P] dATP mixture were added. The reaction mixture was mixed 

briefly and 1 µl of Klenow fragment was added. Reaction mixture was mixed again 

gently and centrifugation was done for 30 seconds. The reaction mixture was incubated 

at 37 
o
C for 10 minutes. Finally, 5 µl of stop buffer was added to the reaction mixture to 

terminate the reaction. 

2.4.4.4.4        Prehybridization of the blot 
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Membranes containing DNA were prehybridized (Sambrook et al., 1989) in 

hybridization tubes to block the non-specific binding of the probe. Each tube containing 

20 ml of pre-warmed (68 
o
C) pre-hybridization buffer (125 mM sodium phosphate 

buffer pH 7.2, 250 mM sodium chloride, 7% SDS). Prehybridization was carried out at 

55 
o
C for at least one hour in hybridization oven (Hybaid Limited, Kingsclere, 

Hampshire, UK). 

2.4.4.4.5        Hybridization of the blot 

The corresponding radio-labeled probe was denatured by placing in boiling water for 

five minutes and chilled quickly on ice. The denatured probe was carefully added to 10 

ml of pre-warmed pre-hybridization buffer and mixed by inversion to form the 

hybridization solution. Immediately, hybridization solution containing radio-labeled 

probe was added to hybridization tubes containing pre-hybridized membranes very 

carefully. Blot with specific probe was incubated in hybridization oven at 58 
o
C 

overnight. 

 2.4.4.4.6        Washing of the radioactive probed blot after hybridization 

The blot was submerged in a tray containing 100 ml of 2X SSC and 0.5% SDS at room 

temperature for 5 minutes. Then the blot was transferred in fresh tray containing low 

stringency buffer (2X SSC, 0.1% SDS) and incubated at room temperature for 15 

minutes with occasional gentle agitation. After that the blot was transferred to tray 

containing 0.1X SSC, 0.5% SDS and incubated for 30-60 minutes at 37 
o
C in 

hybridization oven with gentle shaking. Solution was replaced with fresh 0.1X SSC + 

0.5% SDS solution and the tray was incubated at 55 
o
C for 30-60 minutes in 

hybridization oven. The amount of radioactivity on the blot was monitored. Briefly, the 

blot was washed with 0.1X SSC at room temperature. The excess of the buffer was 

gently removed and blot was wrapped in Saran wrap and exposed to phosphor-imaging 

screen for 24 h. Finally, the phosphor-imaging screen was developed in phosphor imager 
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Typhoon 8600 (Amersham Pharmacia Biotech, California, USA) and the image 

displaying hybridization signals were retrieved. 

2.4.4.5         Northern analysis 

2.4.4.5.1        Isolation of total RNA 

To analyze the mRNA expression level in stressed T1 transgenic sugarcane plants by 

Northern hybridization, total RNA was isolated. RNase free materials were used for 

RNA isolation and Northern analysis. For this purpose, all the materials and solutions 

were treated with diethylpyrocarbonate (DEPC; SIGMA, USA) for 4 hours to inactivate 

RNase and autoclaved.  

For isolation of total RNA, TRIzol reagent protocol (GIBCO BRL, New York, USA) 

was used according to manufacturer’s instructions. Approximately 1-2 g of fresh leaf 

material of non-transgenic and selected transgenic lines was ground to fine powder in 

liquid Nitrogen and immediately transferred to 30 ml RNase free Corex centrifugation 

tube and 10 ml of TRIzol reagent was poured and allowed to homogenize for 5 minutes 

at room temperature. After adding 2 ml of chloroform, the tube was vigorously shaken 

by hand allowed to settle down for 2-3 minutes at room temperature. The sample was 

then centrifuged at 10000 rpm for 15 minutes at 4 
o
C. The upper phase was transferred to 

a new 15 ml Corex centrifugation tube and 5 ml of isopropanol was added to precipitate 

the RNA and allowed to stand the tube for 15 minutes at room temperature. The RNA 

pellet was obtained by spinning the tube at 10000 rpm for 10 minutes at 4 
o
C. The pellet 

was washed with 70% ethanol and finally dissolved in 100 µl RNase free water.  

RNA concentration was measured by spectrophotometer (Sambrook et al., 1989). 10 µl 

of RNA was diluted in 1 ml of DEPC water. The O.D. of the solution was measured at 

260 and 280 nm, using water as blank. An OD260 of 1 correspond to RNA concentration 

of 40 µg/ml. The ratio of 260/280 gives an indication of the purity of the RNA; this 

value should be 1.8-2.0. 
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2.4.4.5.2        Northern hybridization 

20 µg of total RNA of selected transgenic lines was taken into microfuge tube and10 µl 

of gel loading buffer was added. The microfuge tubes were incubated at 65 
o
C for 10 

minutes followed by immediate chilling on ice to denature the RNA. RNA molecular 

weight marker (GIBCO BRL, USA) was treated under the same condition. The 

denatured RNA was then run slowly on 1% formaldehyde denaturing agarose gel in 1X 

MOPS buffer (10X MOPS buffer: 200mM NaMOPS, 50mM NaAc, 1mM EDTA) at 4 

V/cm for 3-5 hours. The conditions required for transferring the RNA to nylon 

membrane, probe preparation, pre-hybridization, hybridization, washing, exposure to 

phospho-imaging screen and developing the phospho-imaging screen were the same as 

described (Sections 2.4.4.4.1-2.4.4.4.6). 

2.4.4.6        Western analysis 

2.4.4.6.1        Isolation of protein 

Desired protein was isolated as illustrated by Gaxiola et al. (2001) and Paspula et al., 

(2010) from stressed leaves of selected transgenic sugarcane lines (T1). Leaf tissues were 

ground with cold pestle mortar, in cold homogenization buffer, containing 4-(2-

Hydroxyethyl) piperazine-1-ethanesulfonic acid sodium salt-bis tris propane (Hepes-

BTP; 50 mM), pH 7.4, sorbitol (250 mM), ethylene glycol tetraacetic acid (EGTA; 6 

mM), 1,4-Dithiothreitol (DTT; 1 mM), Phenylmethylsulfonyl fluoride (PMSF; 1mM), 

pepstatin   (5 µg/l) and leupeptin (1 µg/l). The homogenate was passed through four 

layers of cheesecloth and centrifuged sequentially for 15 and 30 minutes at 10000 and 

18000 rpm, respectively. Then the pellet was resuspended in resuspension buffer {Hepe-

BTP (25 mM), pH 7.4, sorbitol (250 mM), DTT (1 mM), PMSF (1 mM), leupeptide (1 

µg/l), pepstatin (5 µg/l)}. Then non-covalently lipids association was removed by 

precipitating with five volumes of cold acetone. The pellet was washed thrice in 1.0 ml 

chloroform/methanol with 2 : 1  ratio, washed once in 1.0 ml chloroform/methanol/water 

with 10 : 10 : 3 ratio and once in 1 ml acetone before air-drying at 37 
o
C. 



 

 

Materials and Methods 

 

 38 

2.4.4.6.2        Sample preparation 

The air dried proteins were further dissolved in Laemli buffer (4% SDS, 20% glycerol, 

0.125 M Tris-HCl, pH 6.8) at 95 
o
C for 5 minutes in boiling water bath. In dissolved 

samples, 10% β-mercaptoethanol and 0.004% bromophenol were added. Protein assay 

was done by taking 1 ml of Bradford reagent and 20 µl isolated protein.  

2.4.4.6.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

SDS-PAGE composed of two sequential gels; top gel called stacking gel (5%) prepared 

in 1X stacking gel buffer and lower gel called resolving gel (10%) prepared in 1X 

resolving gel buffer (Table 2.6 & 2.7). First resolving gel was poured into gel cassette 

and waited for polymerization. After polymerization, stacking gel solution poured onto 

resolving gel and inserted the comb in stacking gel. Gel cassette was clamped with 

electrophoretic apparatus and top of electrolyte compartment filled with 1X running 

buffer (Table 2.7). Prepared protein samples (50 µg) were loaded onto wells using 

micro-syringe and then gel was run at 70 V till the dye reached to end of gel. 

2.4.4.6.5       Immunodetection 

Immunodetection was done using chromogenic Western hybridization immunodetection 

kit (Invitrogen, USA). Before proceeding to detection, membrane was washed twice 

with 20 ml sterile ddH2O to remove gel, transfer buffer components and weakly bound 

proteins. The membrane was placed in covered plastic dish containing 10 ml of blocking 

solution and incubated for 30 minutes on a rotary shaker set at 1 rev/sec. Blocking 

solution was decanted and membrane was rinsed twice with sterile ddH2O. Membrane 

was incubated in 10 ml of primary antibody solution for 1 hour. After incubation, the 

solution was discarded and membrane was washed thrice with 20 ml of prepared 

antibody wash for 5 minutes. Then after membrane was incubated in 10 ml of secondary 



 

 

Materials and Methods 

 

 39 

Table 2.6: Composition of resolving and stacking gel mixture for SDS-PAGE 

Reagent (ml) 10% resolving gel mixture  5% stacking gel mixture 

Water 6.38 2.84 

Acrylamid-bisacrylamide 

(30% T, 2.6% C) 

5.33 0.83 

4X resolving buffer 4.0 Nil 

4X stacking buffer Nil 1.25 

10% SDS 0.16 0.05 

TEMED 0.0008 0.005 

10% Ammonium 

persulfate 

0.12 0.025 

Total volume 16 5.0 

 

Table 2.7: Solutions and buffers for SDS-PAGE 

Solutions and Buffers Amount Preparation 

4X resolving gel buffer 

1.5 M Tris-HCL 36.3 g To 36.3 g Tris abse, 170 ml ddH2O was added 

and pH 8.8 was adjust the with 6 M HCl. The 

solution was cooled to room temperature and 

pH 8.8 was re-adjusted with 6 M HCl. Then 

volume was made to 200 ml and the solution 

was stored at 4 
o
C. 

pH 8.8 

4X Stacking gel buffer 

0.5 M Tris-HCl  12.1 g 12.1 g of Tris-HCL was dissolved in 170 ml 

ddH2O and the pH 6.8 was adjusted. Then 

solution was cooled to room temperature and 

the pH 6.8 was readjusted. The volume was 

made to 200 ml. 

pH  

5X running buffer 
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Tris base 15 g The described amounts of chemicals were 

dissolved in ddH2O and the volume was made 

to 1 L. The pH should be 8.3 with out 

adjustment and the buffer was stored at room 

temperature. 

Gkycine 72 g 

SDS 5 g 

pH 8.3 

Acrylamid-Bisacrylamide stock solution (30% w/v T, 2.6% w/w C) 

Acrylamide 29.22 g These quantities were dissolved in 90 ml 

ddH2O and then the volume brought to 100 

ml. The solution was filtered through 0.45 µm 

filter and stores at 4 
o
C in dark glass bottle or 

in clear bottle wrapped with aluminium foil 

for no longer than 2 months.  

Bisacrylamide 0.78 g 

10 SDS stock solution   

Electrophoresis grade 

SDS 

10 g This amount was added in 80 ml ddH2O and 

dissolved the mixture with gentle warming. 

Then the volume was made to 100 ml. This 

solution should be stable at room temperature 

for several months but precipitates in cold.  

Towbin Transfer buffer 

Methanol 20% Dissolved the 3.03 g of tris-base and 14.4 g of 

glycine in 300 ml of ddH2O and then 200, 

0.37 ml of methanol and SDS, respectively 

were added. Finally, the volume was made to 

1 litere. 

Tris base  25 mM 

Glycine 192 m 

SDS 0.037% 

Staining solution   

Acetic acid 10% For 100 ml, 10, 50, 0.25, 39.75 ml of acetic 

acid, methanol, commassie blue and ddH2O, 

respectively were mixed. 

Methanol 50% 

Commassie brilliant blue 

(R-250) 

0.25% 
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antibody solution for 30 minutes and decanted. It was further washed for 5 minutes with 

20 ml of antibody wash and decanted. Membrane was rinsed twice for 2 minutes with 20 

ml of sterile ddH2O. Membrane was further incubated in 5 ml of choromogenic substrate 

until purple band developed on the membrane. Membrane was rinsed twice with 20 ml 

of water for 2 minutes, dried in laminar flow on clean piece of filter paper and finally 

results were recorded. 

2.5        Water stress experiment 

Out of 34 AVP1 positive transgenic sugarcane lines (To), 13 transgenic lines were 

selected on the basis of normal growth for the screening of drought tolerance. Cane sets 

from thirteen lines were retrieved and micro-plot trial including 13 T0 transgenic lines 

and one non-transgenic control (CSSG-668) were conducted. Two cane sets were 

planted at 5 cm depth in micro-plots (30.48
 
x 10 x 13 cm) containing homogenous soil 

(Ece 1.34, pH7.8, SAR 2.72) in three replicates. Two irrigation treatments well watered 

(100% irrigations) and limited watered (50% irrigations) were initiated at 180 day after 

planting i.e during grand growth phase till maturity (Gascho and Shih, 1983). Irrigations 

scheduling was set according to the months/weather. Data regarding yield and yield 

components, physiological parameters and gas exchange characteristics were collected 

before harvesting the transgenic sugarcane plants.  

2.5.1        Yield and yield components 

For yield and yield components, plants were harvested and following important traits 

were recorded: 

Cane height (cm) 

Number of millable canes 

Cane diameter (cm) 

Brix contents (%) 
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2.5.2        Physiological parameters 

2.5.2.1       Relative water contents measurement  

The youngest leaf was used to measure the relative water content. Leaves were sampled 

at mid-day in 50 ml falcon tube and the lid was closed tightly. Leaves fresh weight was 

measured and then soaked in distilled water for overnight. After overnight soaking, 

leaves were dried on filter paper and then measured the turgid weight. Leaves were oven 

dried at 80 
o
C for 48 h and then dry weight was measured. From these three weight 

measurements, RWC was determined using equation:  

RWC (%) = Fresh weight – Dry weight x 100 

            Turgid weight – Dry weight 

2.5.2.2       Leaf water potential (Ψw) measurement 

The third fully expanded newly growing leaf from top of plant was excised to determine 

the leaf water potential. The measurements were made from 8:30 to 10:30 a.m. with a 

Scholander type pressure chamber (Skye instruments, Llandrindod Wells, Birmingham 

UK). 

2.5.2.3       Osmotic potential (Ψs) measurement 

 The same leaf, as used for water potential was frozen in a freezer below -20
o
C for one 

week in eppendorf. Then frozen leaf was thawed and the cell sap was extracted with 

cleaned glass rod. The extracted sap was used to measure the osmotic potential with 

osmometer Wescor-5500 (Logan, Utah, USA) which was calibrated using standard 

solutions of NaCl corresponding to four different osmolarities ranging from 0 to 1 

osmol. 

 

 

http://www.loveawake.com/free-online-dating/United-Kingdom/state-of-Birmingham.html
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2.5.2.4        Turgor potential (Ψp) measurement 

The turgor potential was calculated as the difference between osmotic potential (Ψs) and 

water potential (Ψw). 

(Ψp) = (Ψw) -  (Ψs) 

2.5.2.5        GAS exchange measurements 

Gas exchange parameters including photosynthesis, stomatal conductance, transpiration 

and intercellular CO2 were measured within one hour of solar noon with infrared gas-

exchange analyzer portable photosynthetic system (LI-COR 6400, LiCOR, Inc., Lincoln, 

NE, USA). Gas exchange measurements were determined on undamaged, uppermost 

fully-expanded main stem leaves directly exposed to solar radiation. Gas exchange 

measurements were performed on days with minimal to no cloud cover and at times of 

maximal solar radiation (approximately between 10:00 to 12:00 a.m.).  

2.6       Statistical analyses 

Statistical analysis was performed using generalized linear model-SAS (GENMOD with 

binomial distribution and logit link) to know about the defined selective agent 

concenteration for 10% survival of embryogenic calli. Agronomic and physiological 

field data were analyzed by applying analysis of variance techniques using the Statistix 

8.1 software. Treatment means were compared using least significant difference (LSD) 

test at 5% probability in each experiment (Steel et al. 1997).
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Chapter 3 

Results 

3.1 Response of different genotypes to callus induction, 

embryogenesis and regeneration 

3.1.1       Callus production 

Callus induction and embryogenesis were observed in all five studied genotypes i.e. 

CSSG-668, CPF-237, CPF-245, S-2003US114 and S-2003US633 (Figure 3.1A-G). It 

was observed that the callus induced in the advanced lines cultivars CSSG-668, S-

2003US114 and cultivar CPF-237 was compact, nodular and embryogenic (Figure 3.1H), 

while it was shiny, brownish, semi-translucent and mostly non-embryogenic in cultivar 

CPF-245 and advanced line S-2003US633 (Figure 3.1I). Callus induction rate varied 

from 77 to 91% in different cultivars and advanced lines (Figure 3.2). Maximum callus 

induction (91%) was observed in cv. CPF-245 followed by cv. CSSG-668 (85%) while 

minimum callus induction (77%) was observed in cv. CPF-237 and S-2003US633 

(Figure 3.2). Embryogenic callus induction ranged from 28 to 75% in all evaluated 

genotypes. Maximum embryogenic calli production (75%) was observed in cv. CSSG-

668 followed by S-2003US114 (69%) while it was only 28% in CPF-245 (Figure 3.2).  

3.1.2       Plant Regeneration 

Regeneration was also observed in all evaluated genotypes (Figure 3.3A-E). Maximum 

regeneration percentage was observed in cv. CSSG-668 (77%) followed by cv. S-

2003US114 (73%) and the lowest regeneration (35%) was recorded in cv. CPF-245 

(Figure 3.2). Different stages of tissue culture i.e. callus induction, embryogenic callus 

production and subsequent plantlet regeneration are shown in Figure 3.4A-F. 

 



 

 

Results                                                                                                   

 

 45 

 

Figure 3.1: Callus production in different sugarcane varieties;                                    
A) apical discs explants on callus induction medium, B) callus 

induction from explants, callus production in C) CSSG-668, D) CPF-

237, E) CPF-245, F) S-2003US633, G) S-2003US114, H) 

embryogenic callus, I) non-embryogenic callus. 
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Figure 3.2:  Callus induction, embryogenic callus and regeneration percentage in 

five    genotypes of sugarcane.  

 

Figure 3.3: Regeneration in different sugarcane genotypes;  

A) CSSG-668, B) CPF-237, C) CPF-245,                                     

D) S-2003US633, E) S-2003US114. 
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Figure 3.4: Tissue culture stages in sugarcane;  

      A) Apical discs explants on callus induction medium, B) 

callus induction from explants, C) callus proliferation D) 

regeneration E) regenerated plants on rooting medium F) 

regenerated plant in earthen pot for hardening.  
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3.2        Optimization of selection agent (Geneticin) 

3.2.1        Effect of different concentrations of geneticin on callus survival 

In the development of transgenic plants, optimum concentration of selective agent is very 

critical to select the true transgenic events. In the present study, the effect of different 

concentrations of selective agent (Geneticin G-418) on callus survival and regeneration 

from calli were studied. The physical effect of geneticin on callus survival has been 

shown in Figure 3.5. Callus survival percentage were the same for all tested genotypes at 

0 (mg/L) because all genotypes had the same intercepts. The effect of different 

concentrations of selective agent on callus survival for CSSG-668, CPF-245 and S-

2003US-633 genotypes were similar as indicated in Figure 3.6 which showing the same 

slope for these cultivars. All calli (0% survival rate) were dead at geneticin concentration 

(80 mg/L) for all tested genotypes followed by 10% at 60 mg/L for CSSG-668, CPF-245 

and S-2003US2003, respectively. Geneticin (60 mg/L) was found to be the suitable dose 

to select the calli of genotypes CSSG-668, CPF-245 and S-2003US633 (Table 3.1; Figure 

3.6). 

Moreover, the calli of genotype S-2003US114 showed 0% survival at 60 mg/L and 10% 

survival were observed at 35 mg/L geneticin for this cultivar. In contrast, S-2003US-114 

showed different response to geneticin concentrations and 35 mg/L seemed better to 

select the calli of this cultivar as the slope of this cultivar was different with respect to 

other cultivars. So geneticin (35 mg/L) was found to be suitable to select the calli of this 

cultivar.  The medium containing 20 mg/L geneticin showed 23, 69.7, 76, 88% callus 

survival in S-2003US114, CSSG-668, CPF-245 and S-2003US633, respectively (Table 

3.1; Figure 3.6). Interaction between cultivars and doses were also significant for callus 

survival at 0.05% probability level (Table 3.3). 
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Figure 3.5: Physical effects exhibited by embryogenic calli of genotype CSSG-668 

exposed to different concentrations of geneticin (in triplicates).  

Table 3.1: Effect of geneticin dose on calli survival in different sugarcane genotypes 

Parameter Estimate SE P value Geneticin dose 

for 10% 

survival (mg/L) 
Intercept (1,2,3,4) 3.1310 0.1708 0.001 

Slope 

Cultivar  (1,2,4) -0.1508 + 0.0627 0.0084 0.001 60 

Cultivar (3) 

 

- 0.1508 0.1000 0.001 35 

0 mg/L 

mg/L 
20 mg/L 40 mg/L 60 mg/L 80 mg/L 
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 Figure 3.6:    Effect of different concentrations of geneticin on calli survival 

of different sugarcane genotypes. 

Table 3.2: Effect of geneticin dose on regeneration of different sugarcane genotypes 

Parameter Estimate SE P value Cultivars Geneticin 

dose for 10% 

survival 

(mg/L) 

Intercept CSSG-668 60 

Cultivar (CPF-245, S-

2003-US114) 

1.1281 0.3596 0.001 

Cultivar (CSSG-668) 2.0408 0.3733 0.001 CPF-245 60 

Cultivar (S-2003-

US633) 

0.4153  0.168 0.001 

Slope S-2003-

US633 

40 

Cultivar  (CSSG-

668,CPF-245, S-2003-

US633)2,4,) 

-0.1305 

+ 0.0689 

0.0244 0.001 

Cultivar (S-2003-

US114) 

 

 

 

 

- 0.1305  0.0124 0.001 S-2003-

US114 

25 
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Table 3.3: Chi-Square means of geneticin dose, cultivar and dose-cultivar 

interaction for callus survival and regeneration 
Type 3 Analysis for Callus Survival Type 3 Analysis for Regeneration 

Source DF Chi-

Square 

P value Source DF Chi-sq P value 

Cultivar 3 10.72 0.0134 Cultivar 2 70.52 0.0001 

Dose 

 

1 1168.11 0.0001 Dose 

 

1 678.79 0.0001 

Dose*Cultivar 3 21.17 0.0001 Dose*Cultivar 1 53.53 0.0001 
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Figure 3.7:   Effect of different concentrations of geneticin on regeneration 

of different sugarcane genotypes. 
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3.2.2        Effect of geneticin on regeneration 

The genotypes CSSG-668 and S-2003US-114 showed significant variation in 

regeneration efficiency on regeneration medium without geneticin (control) as indicated 

by different intercepts (Figure 3.7). In contrast, CPF-245 and S-2003US-633 genotypes 

had shown similar regeneration efficiency and intercepts while it was different form other 

genotypes. The genotypes (CPF-245 and S-2003US-114) responded in a similar way to 

the increasing rate of selective agent concentrations, as it was very clear from the slope of 

regression line which was constant between these genotypes while the response to 

increasing doze was different in CSSG-668 and S-2003US-633. So, geneticin (60 mg/L) 

was found optimum for the 10% survival of regenerated plantlets in the cultivars CSSG-

668 and CPF-245 while  for the cultivars S-2003US-114 and S-2003US-633) it was 20 

and 40 mg/L,  respectively (Table 3.2; Figure 3.7). Interaction between cultivars and 

doses were also significant for regeneration efficiency (Table 3.3).  

No regeneration (0%) was observed in all the tested genotypes at geneticin concentration 

(80 mg/L) and also at 60 mg/L in S-2003US114, while 1, 3 and 4% regeneration was 

observed in CSSG-668, CPF-245 and S-2003US633 at 60 mg/L, respectively. Maximum 

regeneration percentages (88, 76, 72 and 55) were observed at 0 mg/L in CSSG-668, S-

2003US114, CPF-245 and S-2003US633, respectively followed by 58.6, 52, 36 and 17% 

regeneration in CSSG-668, CPF-245, S-2003US633 and S-2003US114 at 20 mg/L, 

respectively. 

3.3 Effect of optimized geneticin concentration to transformed 

sugarcane callus and GUS expression 

Biolistic mediated transformation method was successfully used to transform the 

sugarcane cultivar CSSG-668 with selectable marker gene (nptII) and reporter gene 

(GUS). The successful transformation was observed by the presence of difference in 

physical effects such as of geneticin on transformed and non-transformed embryogenic 

calli of CSSG-668, the transformed calli looked healthy while non-transformed calli 

turned black and dead (Figure 3.8A&B). It was also confirmed by the presence of GUS 
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expression in transformed embryogenic calli (Figure 3.8C&D). Growth of non-

transformed embryogenic calli at 60 mg/L was completely inhibited while the 

transformed embryogenic calli showed the optimum or normal growth at this 

concentration (Figure 3.8A&B). Seventy seven percent of bombarded embryogenic calli 

were found dead at 60 mg/L while none of the non-transformed calli survived at this 

concentration. Ninety three of these geneticin resistant calli showed GUS expression 

when subjected to histochemical GUS assay (Figure 3.9).  
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Figure. 3.8: Physical effects of geneticin;  
(A) on non-transformed, (b) transformed embryogenic calli C) 

GUS activity of survived embryogenic calli, D) microscopic 

view of calli showing GUS activity. 
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            Figure 3.9: Survival and GUS positive calli percentage of transformed and     

non- transformed embryogenic calli. 
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3.4        Development of drought tolerant transgenic sugarcane 

3.4.1        Callus induction and particle bombardment 

Cultivar CSSG-668 was selected for genetic transformation due to the drought sensitivity, 

better response to callus induction and regeneration, better agronomic performance and 

high sucrose contents. Embryogenic calli of this cultivar were induced from apical disc 

(Figure 3.1B) and maintained on callus induction and proliferation medium (Table 2.1). 

Embryogenic callus was arranged in the center of callus induction medium (Figure 

3.10A), 24 hour prior to bombardment.  These calli were bombarded with pGreen-ZSA 

(having AVP1 and nptII genes) using Bio-Rad Particle Delivery System (PDS-1000/He) 

following conditions as mentioned in section 2.4.1. The calli were bombarded using 1.0 

µm gold particles at helium pressure of 1,100 psi and target distance of 9 cm. Twelve 

independent Biolistic mediated transformation batches (Six plates/batch) of the 

embryogenic callus were performed (Table 3.4).  

3.4.2 Selection of bombarded calli and regeneration of putative transgenic 

sugarcane plants 

Bombarded calli were cultured for three days in non-selective callus induction medium so 

that callus tissue can be recovered from injury. Approximately, 1312 calli were made 

from 72 bombarded embryogenic calli plates (Table 4). The untransformed calli were 

also included as control. Initially, the calli were cultured on callus selection medium 

containing selective agent geneticin (50 mg/L) then subsequent selection was done at 60 

mg/L geneticin. Within a week, calli showed sensitivity to antibiotic and after one month 

the control non-transformed calli turned completely brown and growth was retarded 

(Figure 3.10C) while the transformed cells showed visible white callus outgrowths 

(Figure 3.10B). Out of 1312 calli parts, 8.76% calli parts survived on callus selection 

medium which were then transferred to regeneration selection medium (Table 2.1). 

Within a week a few green embryoids were developed which later on produced shoots 

while most calli parts turned brown and showed no regeneration (Figure 3.10D). These 

shoots were cultured on rooting selection medium (Table 2.1). Within two weeks, small 
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roots emerged from transformed shoots and some shoots became bleached and showed no 

rooting (Figure 3.10E). Total 120 putative transgenic sugarcane plants were recovered 

(Table 3.4) and transferred in small plastic pots containing sandy soil and placed at 26±2 

o
C for acclimatization (Figure 3.10F). These putative transgenic sugarcane plants were 

further shifted in earthen pots containing soil and placed in glass house at room 

temperature. These putative transgenic sugarcane plants were grown to maturity for 

retrieving the seed sets (Figure 3.10G).  

3.4.3        Molecular analysis of T0 putative transgenic sugarcane plants 

3.4.3.1        Polymerase Chain Reaction (PCR) Analyses 

Genomic DNA was isolated (Section 2.1) from the newly growing leaves of 120 putative 

transgenic plants (T0). PCR analysis was performed for the detection of internal fragment 

(600 bp) of transgene (AVP1) using specific 5' forward and 3' partial reverse primers and 

the detection of nptII gene was done using specific forward and reverse primers (Table 

2.5). Out of 120 putative transgenic sugarcane plants, thirty four plants were positive for 

both AVP1 and nptII genes (Table 3.4).The Figure 3.11 indicated the presence of target 

AVP1 fragment (600 bp) in representative T0 putative transgenic sugarcane lines and in 

the positive control (plasmid) while no band was amplified in the negative control (un-

transformed plant) and similarly Figure 3.12 showed the amplified product of nptII gene 

(750 bp) in the representative T0 putative transgenic lines.  

3.4.3.2        Southern Analyses 

Southern hybridization showed the varied (1 to 4) transgene copy number of specific 

gene in genome of selected transgenic sugarcane lines. Figure 3.13 shows the presence of 

hybridized signals which indicate that AVP1 gene has been integrated into the sugarcane 

genome. The genomic DNA was digested with EcoR1, which uniquely cuts between the 

AVP1gene and CaMV terminator sequence in the trangene. Therefore, it showed that 

AVP1 gene in SP27, SP34 and SP58 integrated at two loci while in SP10 it was integrated 
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at one locus. In SP65, 4 number of insertions were detected and no hybridized was 

observed in respective non-transgenic line.  
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Table 3.4:   Transformation efficiency of sugarcane  

Batch 

No. 

Total No. 

of plates 

bombarded 

(one 

shot/plate) 

No. 

of 

total 

calli 

parts 

No. of 

healthy 

calli 

parts 

No. of 

regenerated 

plants 

No. of 

plants 

positive for  

nptII/ 

AVP1 gene 

Transformation 

Efficiency (%) 

1 6 123 14 5 2 1.6 

2 6 102 9 7 2 2.0 

3 6 112 13 8 3 2.6 

4 6 109 11 12 4 3.7 

5 6 123 2 9 3 2.4 

6 6 94 7 11 4 4.3 

7 6 127 4 12 2 1.6 

8 6 121 16 4 1 0.8 

9 6 102 9 15 5 4.9 

10 6 94 12 7 1 1.1 

11 6 78 10 14 4 5.1 

12 6 127 11 11 3 2.3 

Total 72 1312 115 120 34 2.6 

 

Transformation efficiency (%) = No. of plants positive for nptII/AVP1 x 100 

Total no. of calli parts 
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Figure 3.10: Development of transgenic sugarcane; 
A) embryogenic calli ready for bombardment, B) geneticin selection of    

transformed calli, C) non-transformed calli (control) on selection medium (60 

mg/L geneticin), D) regeneration from survived calli under selection (60 mg/L 

geneticin), E) regenerated shoots placed on rooting selection medium, F) 

putative transgenic sugarcane plants were transferred in glass pots containing 

sandy soil for hardening, G) hardened plants were transferred in earthen pots 

and grown in glass house till maturity.   
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AVP1 

fragment 

Figure 3.11: PCR amplification of partial AVP1 gene fragment from 

representative T0 transgenic sugarcane plants; 

         Lane1&10  1 kb DNA ladder   

         Lane 2-7   transgenic lines 

         Lane 8   non-transgenic line  

                     Lane 9   Positive control  
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750 bps 

nptII 

gene 

Figure 3.12: PCR amplification of nptII gene from representative T0 

transgenic sugarcane plants;  

Lane 1  1kb DNA ladder 

          Lane 2-13  transgenic lines 

          Lane 14  non-transgenic line 

         Lane 15  negative water control  

                     Lane 16  positive control Plasmid) 
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Figure 3.13: Southern analyses of AVP1 transgenic 

sugarcane plants; 

     Lane 1  Positive control (Plasmid) 

       Lane 2  SP65 

              Lane 3  SP58 

   Lane 4  SP27 

   Lane 5  SP10 

   Lane 6  SP34 

   Lane 7  non-transgenic line 
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3.4.3.3         Northern Analyses 

Northern hybridization was used to study the transgene expression in selected T1 

transgenic lines (SP58, SP34, SP27, SP65 and respective non-transgenic line) at 

transcriptional stage under stress condition. Equal amount of total RNA (20 µg) were 

loaded from these selected lines (Figure 14B) and transferred to nylon membrane. The 

membrane was hybridized with specific radio-labelled gene probe and signal was 

detected from these lines. The highest RNA expression was observed in transgenic line 

SP27 while minimum expression was noted in SP65 (Figure 14A). No expression was 

observed in respective non-transgenic line. 

3.4.3.4        Western Analyses 

Western analysis plants confirmed expression of Arabidopsis AVP1 protein in selected T1 

transgenic sugarcane lines. Increased expression concentration of AVP1 protein was 

observed in transgenic line SP27 followed by SP58 and SP34 as compared with 

respective non-transgenic line (Figure 3.15). 
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Figure 3.14: A) Northern Analyses of AVPI expression in 

transgenic sugarcane lines under stress 

condition along with respective non-transgenic 

line, B) RNA loading; 

   Lane 1   non- transgenic line 

   Lane 2   transgenic line SP65 

   Lane 3   transgenic line SP58 

   Lane 4   transgenic line SP27 

   Lane 5   transgenic line SP34 

   
        
 

 

 

Figure 3.15: Western Analyses of H
+
PPase protein 

expression in transgenic and non-

transgenic sugarcane plants; 

         Lane 1   transgenic line SP65 

         Lane 2   transgenic line SP58 

         Lane 3   transgenic line SP34 

         Lane 4   transgenic line SP27 

              Lane 5   non- transgenic line   

     1                 2             3              4              5             

81 Kda 

     1           2            3           4                           5 
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3.5        Drought stress experiment 

3.5.1        Agronomic performance of transgenic plants under stress 

All important agronomic parameters (quantitative and qualitative) i.e. brix percentage, 

plant height, cane height, millable cane and cane diameter were noted during the course 

of study. Figure 3.16 shows the sugarcane lines under drought stress condition in micro 

plots. Interaction among water stress treatment x sugarcane lines was statistically 

significant for all observed agronomic parameters at P<0.05 (Table 3.6).Visually it was 

observed that transgenic lines showed better growth and plant height when compared 

with non-transgenic line. Figure 3.17A, B & C shows the phenotype of transgenic versus 

respective non-transgenic (CSSG-668) at maturity stage. It was also observed that 

transgenic lines had better root growth than that of respective non-transgenic line (Figure 

3.17D&E). 

3.5.1.1        Cane Height  

Water stress significantly reduced the cane height and it was higher (147.33 cm) in plants 

growing under normal condition than (86.86 cm) plants under stress (Table 3.5). Variable 

cane height was recorded in all tested genotypes grown under drought and normal 

condition which varied from 105.85 to 169.35 cm and 70 to 115 cm in normal and water 

stress condition, respectively. Under water stress condition, maximum cane height (115 

cm) was observed in transgenic sugarcane line (SP27) followed by another transgenic 

line (SP10) having 109 cm plant height under stress conditions. In respective non-

transgenic line (CSSG-668) cane height was 76 cm which was significantly lower than 

that of transgenic lines in water stress environments (Table 3.5). 
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Figure 3.16: Transgenic sugarcane lines under stress at tillering stage. 
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Figure 3.17: Visual phenotype of transgenic sugarcane plants versus non-transgenic 

sugarcane plants;  
A) transgenic sugarcane plants under stress at tillering stage, B) non-transgenic 

sugarcane plants under stress at tillering stage, C) transgenic sugarcane lines 

versus non-transgenic lines at maturity stage, D) roots of transgenic sugarcane 

plants, E) roots of non-transgenic sugarcane line.  
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Under normal conditions, maximum cane height (169.35 cm) was in SP10 followed by 

SP7 and SP29 (166.75 cm) while in non-transgenic plant it was 151.55 cm. The minimum 

cane height was noted in SP20 (105.85 cm) followed by SP57-1 (116 cm). Transgenic 

line SP27 showed maximum cane height in stress conditions but in normal condition 

SP27 showed almost equal cane height (149.25 cm) to that of respective non-transgenic 

line (Table 3.5). Interaction between evaluated genotypes and treatments for cane height 

was significant (Table 3.6). 

3.5.1.2        Millable Canes 

Millable canes are also important parameter which contributes towards sugarcane yield. 

Variation was also observed for this parameter in all tested genotypes under both normal 

and stress conditions. Water stress also showed adverse effect on number of millable 

canes. The plants growing under normal condition exhibited higher millable canes (5.68) 

than plants having 4.10 under stress (Table 3.5). In stress condition, significantly higher 

millable cane numbers were observed in SP27 (5.67) followed by SP58 (5.333) than non-

transgenic line CSSG-668 (4.33).  In contrast to above, the minimum cane numbers 2.35, 

3.33 and 3.33 were observed in SP29, SP34, SP20, respectively (Table 3.5).  

Under normal water supply condition, transgenic lines SP32 and SP10 maintained 

significantly high number of millable canes (7.67 and 6.33) as compared to non-

transgenic line (5.33). SP27 also had higher number of millable canes (6.00) than that of 

non-transgenic line (Table 3.5). Interaction between genotypes and treatments for 

millable canes was also significant (Table 3.6). 

3.5.1.3        Cane Diameter 

Water stress significantly influenced the cane diameter. The average cane diameter of all 

sugarcane lines growing in adequate water condition was significantly better than in 

plants under water stress condition (Table 3.5). Significantly higher cane diameter (2.10 

cm) was noted in SP49 followed by SP27 and SP10 with cane diameter of 2.00 cm while 

it was 1.97 cm in non-transgenic line under water stress condition (Table 3.5).  
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Under normal condition, SP29 and SP7 showed maximum cane diameter (2.3 cm) 

followed by SP49 (2.20 cm) while it was 2.13 cm in non-transgenic line. Transgenic lines 

(SP27, SP9, SP7 and SP58) also performed better than non-transgenic line but difference 

between the values for cane diameter in these lines was non-significant (Table 3.5). Mean 

square value for cane diameter showed significant difference between genotypes and 

treatments (Table 3.6).   

3.5.1.4       Sugar contents (Brix %) 

Brix is very important parameter, which contributes towards cane sugar recovery. It has 

direct link with sucrose contents. Therefore, effect of drought on this parameter provides 

necessary information about the sugar recovery, the ultimate goal of sugarcane 

cultivation. The sugar recovery was estimated from bottom, middle and top of cane and 

represented by mean (Table 3.5). Water stress showed similar effects on brix contents in 

bottom, mid and top of cane as for other agronomic traits mentioned previously. Average 

brix contents were significantly higher in plants growing under normal water conditions 

than in plants growing under water stress condition (Table 3.5). 

Under water stress condition, significantly higher brix contents (17.33%) were observed 

in SP34 followed by 15.67 and 15.33% in SP27 and SP58, respectively as compared with 

13.56% in respective non-transgenic line. Minimum brix contents (11.33%) were noted in 

SP29 followed by 12.67% in SP9, SP17 and SP65 (Table 3.5). Under normal condition, 

maximum brix contents (19.94%) were observed in SP10 followed by 18.78, 18.72 and 

18.22% in SP34, SP27 and SP58 while in transgenic line it was 17.56%. Minimum brix 

contents (14.22%) were noted in SP17 followed by 16.55 and 16.56% in SP65 and SP9 

(Table 3.5). Mean square values for brix contents in bottom, mid and top of cane showed 

significant interaction between genotypes and treatments (Table 3.6).  

 

 



Results 

 

 

 70 

 

 

 

Table 3.5: Agronomic performance of transgenic sugarcane lines under normal water (+W) and water stress (-W) condition 

Means in the same column and in the second last row sharing the same letter for each agronomic trait did not differ significantly 

according to DMRT at P<0.05 

  

S. No Line No. Cane Height (cm) Millable Canes (no.) Cane Diameter (cm) Brix (%) 

1 Non-

transgenic  

(CSSG-668) 

+ W -W +W -W +W -W +W -W 

151.55bc 76efgh 5.333cde 4.33bcd 2.133ab 1.97abc 17.56abc 13.56bcd 

2 SP7 167a 79defgh 7.33a 5.00abc 2.30a 1.93abcd 18.72ab 13.76bcd 

3 SP9 141cd 88cdefg 4.67ef 3.33de 2.17ab 1.67ef 16.56bc 12.67cde 

4 SP10 169a 109abc 6.33b 4.33bcd 2.13ab 2.00ab 19.94a 14.71bc  

5 SP17 135d 70h 5.00de 4.33bcd 2.07b 1.77cdef 14.22d 12.67cde 

6 SP20 1065f 73fgh 5.33cde 3.33de 2.10b 1.97abc 16.67bc 14.11bc 

7 SP27 149bc 115a 6.00bc 5.67a 2.13ab 2.00ab 17.67abc 15.67ab 

8 SP29 167a 68h 5.67bcd 2.33e 2.30a 1.70ef 17.34abc 11.33e 

9 SP32 159ab 65gh 7.67a  5.00abc 1.73c 1.70ef 16.00bc 14.67bc 

10 SP34 160ab 104abc 5.33cde 3.33de 2.17ab 1.97abc 18.78ab 17.33a 

11 SP49 140cd 94abcde 5.33cde 4.33bcd 2.20ab 2.10a 18.22ab 13.66bcd 

12 SP57-1 117ef 93bcdef 4.00f 3.67d 2.13ab 1.73def 17.77abc 14.67bc 

13 SP58 159ab 109abc 5.67bcd 5.33ab 2.17ab 1.87bcde 18.22ab 15.33ab 

14 SP65 159ab 73fgh 5.67bcd 4.00cd 2.13ab 1.57f 16.55bc 12.67cde 

Mean 147A 89B 5.67A 4.095B 2.14A 1.85B 17.44A 14.27B 

Coefficient of variance 

(CV%) 

6.02 16.60 8.17 15.25 4.70 6.62 6.20 6.63 
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    Table 3.6:   Mean square values of two ways ANOVA for different agronomic characters in different sugarcane genotypes 

subjected to water stress condition 
Source DF Cane height Millable 

canes 

No. of 

internodes 

Cane 

diameter  

Brix % 

Bottom Mid Top 

Treatment 1 11155.0* 51.8571* 817.190* 1.68583* 121.440* 20.9083* 328.048* 

Varieties 13 124.3* 3.3956* 21.788* 0.08349* 7.167* 7.623* 7.035* 

Treatment*Varieties 13 205.7* 1.7033* 20.985* 0.04891* 7.126* 10.009* 12.060* 

Error 56 25.3 0.3333 5.024 0.01429 0.601 0.807 2.143 

Total 83        

  * Significant at 0.05% probability level 
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3.5.2        Physiological Analyses 

Physiological parameters such as relative water contents (RWC), leaf water potential 

(Ψw), osmotic potential (Ψo), turgor potential (Ψp), photosynthetic rate (Pn), 

transpiration rate (E) and stomatal conductance are the important traits for the 

identification of drought tolerant and sensitive lines. In the present study, water relations 

were recorded in all the transgenic lines and respective non- transgenic line (CSSG-668) 

of sugarcane. Significant variations were found in all tested genotypes for these traits. 

Interaction among treatments, lines, varieties x treatments were also significant (Table 

3.9) which are briefly summarized below: 

3.5.2.1       Relative water contents (RWC) 

Water stress significantly reduced the RWC in all tested genotypes of sugarcane. RWC 

was significantly higher in plants growing under normal conditions (84%) than drought 

stressed plants (76%). Under water stress condition, the RWC was different in different 

transgenic sugarcane lines however it was maximum (81.33%) in SP27 followed 79.67, 

77.67, 77.00, 76.67% in SP32, SP10, SP58 and SP34, respectively while in respective 

non-transgenic line, it was significantly low (71.33%). Minimum RWC (66%) were 

found in SP7 followed by SP57-1, SP49, and SP65.  

Under normal water condition, transgenic sugarcane lines SP9 showed maximum (88%) 

RWC followed by 87.67, 87.00, 86.67, 86.00 and 84.00% in SP27, SP58, non-transgenic 

line, SP32 and SP34 respectively. Minimum RWC (80.33%) were noted in SP29 

followed by SP10, SP57-1 and SP65 (Table 3.7). 

3.5.2.2        Leaf water potential (Ψw) 

Water stress also significantly decreased the Ψw in all evaluated transgenic lines 

including non-transgenic line. It was higher (-0.906 MPa) in plants growing under normal 

condition than in those (-1.178 MPa) under water stress condition. Under water stress 

condition, significant variations were observed in all tested genotypes. Transgenic lines 

SP10, SP7, SP27 and SP49 maintained significantly lower water potential (-1.453, -
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1.333, -1.236 and -1.220 MPa, respectively) when compared with respective non-

transgenic line (-1.130 MPa). On the other hand, transgenic lines SP65, SP29, SP32 and 

SP57-1 maintained significantly higher water potential (-1.000,-1.057, -1.057 and -1.04 

MPa, respectively) than respective non-transgenic line (Table 3.7). 

Under normal condition, most of the genotypes did not show significant variations for 

Ψw except SP34 and SP65. Maximum Ψw (-0.747) was observed in SP65 while 

minimum Ψw (-1.057 MPa) noted in SP34 (Table 3.7). 

3.5.2.3        Osmotic Potential (Ψo)  

Water stress reduced the Ψo in all tested transgenic lines and it was higher (-1.196 MPa) 

in plant growing in normal condition than in plants under drought stress (-1.913 MPa). 

Osmotic potential of all tested lines ranged from -1.507 to -2.120 and -1.107 to -1.327 in 

both water stressed and normal condition, respectively. Under water stress condition, 

three transgenic lines (SP34. SP58 and SP2 ) maintained Ψo lower than -2.000 MPa 

while all other transgenic lines including respective non-transgenic lines showed Ψo 

higher than -2.000 MPa. Maximum Ψo (-1.507) was observed in SP17 followed by -

1.833 MPa in SP49. Minimum Ψo (-2.120) was noted in SP34 closely followed by -2.110 

MPa in SP58 (Table 3.7).  

Under normal condition, maximum Ψo (-1.107) was found in SP9 which was closely 

followed by -1.080, -1.140, 1.147, -1.150, -1.170 and -1.190 MPa in SP65, SP17, SP7, 

SP20 and SP57-1, respectively. Minimum Ψo (-1.327) was noted in SP34 followed by -

1.300, -1.287 and -1.230 in SP29, SP58 and respective non-transgenic line, respectively. 

3.5.2.4         Turgor Potential (Ψt) 

Turgor potential was significantly reduced in plants growing under water stressed 

condition as compared to plants growing under unstressed environments. Turgor potential 

ranged from 0.323 to 1.020 and 0.157 to 0.410 MPa in both water stress and normal 

water supply conditions, respectively. Under water stress condition, minimum turgor 

potential (0.323) observed in SP17 followed by 0.530 in SP10. The non-transgenic line 
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showed 0.740 osmotic potential. The maximum turgor potential 1.020 was found in SP58 

followed by 1.010, 0.850 in SP34 and SP27, respectively (Table 3.7). Under normal 

water condition, minimum turgor potential (0.157) was observed in SP20 followed by 

0.217 in SP32. The non-transgenic line showed 0.300 turgor potential (Table 3.7). 
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Table 3.7: Relative water contents, leaf water potential, osmotic potential and turgor potential in all tested genotypes 

under normal water (+W) and water stress condition (-W)  

 

 

Means in each column and in the last row sharing the same letter did not differ significantly according to DMRT at 

P<0.05 

 

 

 

 

        

S. No 

 

 

Line Name RWC (%)  Leaf water 

potential     

(-MPa) 

 Osmotic 

potential        

(-MPa) 

 Turgor 

potential 

(MPa) 

 

  +W -W +W -W +W -W +W -W 

1 Non-transgenic line 
(CSSG-668)  

87ab 71de 0.93ab 1.13bc 1.23bc 1.87ab 0.30ab 0.74ab 

2 SP7 83bc 66h 0.78ab 1.33ab 1.15cd 1.96ab 0.37ab 0.63ab 

3 SP9 88a 76bc 0.77ab 1.13bc 1.11cd 1.91ab 0.33ab 0.78ab 

4 SP10 82bc 78ab         0.94ab 1.45a 1.21bc 1.98a 0.27ab 0.53ab 

5 SP17 83abc 69eh 0.91ab 1.18bc 1.14cd 1.51b 0.23ab 0.32b 

6 SP20 82abc 71de 0.94ab 1.17bc 1.15bcd 1.88ab 0.21ab 0.71ab 

7 SP27 88a 81a 0.95ab 1.24abc 1.19bcd 2.09a 0.24ab 0.85ab 

8 SP29 80c 72cd 0.93ab 1.06c 1.30ab 1.87ab 0.37ab 0.81ab 

9 SP32 86ab 80ab 0.95ab 1.06c 1.17bcd 1.87ab 0.22ab 0.81ab 

10 SP34 84abc 77bc      1.06a 1.11bc 1.33a 2.12a 0.27ab 1.01a 
11 SP49 83abc 70de 0.80ab 1.22abc 1.21bc 1.83ab 0.41ab 0.61ab 

12 SP57-1 82abc 70de 0.97ab 1.04c 1.19bcd 1.87ab 0.22ab 0.83ab 

13 SP58 87a 77b 0.99ab 1.09bc       1.29ab 2.11a 0.30ab 1.02a 

14 SP65 83abc 71de 0.75b 1.11bc 1.08d 1.85ab    0.33ab 0.74ab 

Mean 84A 74B 0.91B 1.18A 1.20B 1.91A 0.29B 0.74A 
CV % 5.40 3.31 19.26 13.28 5.18 14.30 49.04 42.78 
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Table 3.8:  Mean square values of two way ANOVA for water relations of different sugarcane lines subjected to water  stress 

and normal water condition 
  

       

 

 

Source DF Relative water content Leaf water potential Osmotic potential Turgor potential 

Treatment 1 702.964* 1.7354* 9.97052* 3.32012* 

Varieties 13 46.045* 0.002286
NS

 0.04266
NS

 0.05055* 

Treatment*Varieties 13 44.426* 0.05932* 0.06474* 0.09560* 

Error 56 12.566 0.3001 0.04029 0.06896 

Total 83     

*
 Significant at P<0.05,  

NS
 non-significant 
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3.5.2.5        Photosynthetic rate (Pn) 

Water stress significantly influenced the photosynthetic rate (Pn) in all the evaluated 

sugarcane lines. Pn was significantly higher (16.386 µmol/m
2
s

-1
) in plants growing under 

normal water conditions than 7.779 µmol/m
2
s

-1
 of plants growing under stress (Table 

3.19). Under water stress condition, significantly different Pn was found in all genotypes. 

Maximum Pn (18.363 µmol/m
2
s

-1
) was observed in SP27 followed by 12.08, 10.615, 

8.623 µmol/m
2
s

-1
 in SP34, SP58 and SP10, respectively while minimum Pn 4.410 

µmol/m
2
s

-1
 was noted in SP65 followed by 4.477, 4.490, 6.370, 6.537 µmol/m

2
S

-1
 in SP7, 

SP29, SP49 and respective non-transgenic line, respectively (Table 3.9).  

Under normal condition, significant variation was found for Pn in all evaluated 

genotypes. Maximum Pn (26.187 µmol/m
2
s

-1
) was noted in transgenic line SP27 closely 

followed by SP34, SP49 and SP10 having Pn 24.787, 24.250 and 22.220 µmol/m
2
s

-1
, 

respectively while in respective non-transgenic line it was 18.737 µmol/m
2
S

-1
. 

Significantly lower Pn 8.717, 10.087 and 10.197 µmol/m
2
s

-1
 was observed in transgenic 

lines SP20, SP65, and SP57-1, respectively (Table 3.9). The interaction between stress 

treatment and sugarcane lines was also significant (Table 3.10). 

3.5.2.6        Transpiration rate (E) 

Transpiration rate was also significantly reduced in plants growing under normal water 

condition than plants under drought. It was significantly higher (1.213 mmol/m
2
s

-1
) in 

plants under normal condition than 0.612 mmol/m
2
s

-1
 transpiration rate in plants under 

water stress. All genotypes showed variable transpiration rate. 
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Table 3.9: Photosynthetic rate, transpiration rate and stomatal conductance at maturity stage of different sugarcane lines 

under normal water (+W) and water stress (-W) condition 
S. No Lines Photosynthetic Rate (µmol/m

2
s

-1
) Transpiration Rate (mmol/m

2
s

-

1
) 

Stomatal Conductance (mmol/m
2
s

-1
) 

+W -W +W -W +W -W 

1 Respective non-

transgenic line (CSSG-

668) 

19.74bcd 6.54bcd 1.58bc 0.54cd 21.24ab 6.34cd 

2 SP7 10.29efg 4.48cd 1.17e 0.37d 12.95de 7.24cd 

3 SP9 13.31def 6.54bcd 1.31de 0.47cd 15.97c 6.62cd 

4 SP10 22.22abc 8.62bcd 1.28de 0.67abcd 15.23cd 8.99abcd 

5 SP17 13.67def 6.58bc 0.67gh 0.45abcd 10.56fg 4.13d 

6 SP20 8.72fg 6.67bcd 0.80fg 0.48abcd 10.82efg 6.14cd 

7 SP27 26.19a 18.36a  2.11a 1.05a  21.04ab 8.57abcd 

8 SP29 18.74bcd 4.49cd 1.54bc 0.58bcd 23.23a 5.97cd 

9 SP32 11.03efg 7.55bcd 0.92f 0.77abcd 11.56ef 9.16abcd 

10 SP34 24.79ab 12.08b 1.74b 0.74abcd 23.05a 9.84abc 

11 SP49 24.25ab 6.37bcd 1.42cd 0.71abcd 21.67a 7.47bcd 

12 SP57-1 10.20efg  5.61bcd  0.56hi 0.39d 7.94h 5.56d 

13 SP58 16.60cde 10.62b 1.49cd  0.97ab  18.91b  11.85ab  

14 SP65 10.69g 4.41b 0.44i 0.38d 7.44h 5.33d 

Mean 16.39A 7.78B 1.21A 0.62B 15.83A 7.38B 

CV % 28.49 37.03 11.41 36.24 9.59 32.26 

Means in each column and in the last row sharing the same letter did not differ significantly according to DMRT at P<0.05 
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Under water stress condition, SP27 exhibited maximum (1.050 mmol/m
2
s

-1
) transpiration 

rate closely followed by 0.965, 0.770 and 743 mmol/m
2
s

-1
 in SP58, SP32 and SP34 while 

non-transgenic line showed significantly lower (0.543 mmol/m
2
s

-1
) transpiration rate. 

Minimum transpiration (0.377 mmol/m
2
s

-1
) was observed in SP65 followed by SP57-1, 

SP17 and SP20 (Table 3.9). Under normal water condition, same transgenic line SP27 

maintained maximum transpiration rate (2.110 mmol/m
2
s

-1
) followed by 1.737, 1.540, 

1.537 and 1.490 mmol/m
2
s

-1
 in SP34, SP29, non-transgenic lines and SP58, respectively. 

Minimum transpiration rate 0.440 mmol/m
2
s

-1
 was found in SP65 followed by 0.560, 

0.670, 0.797 and 0.880 mmol/m
2
s

-1
 in SP65, SP57-1, SP17 and SP20, respectively (Table 

3.9). Interaction among sugarcane lines and stress treatment for transpiration rate was 

also significant (Table 3.10). 

3.5.2.7        Stomatal Conductance 

A marked adverse effect of water stress treatment was noted on stomatal conductance. It 

was significantly better in plants growing under normal conditions than in plants under 

stress. Under water stress condition, similar varied pattern for stomatal conductance was 

noted as observed in lines under normal conditions. The maximum (9.837 mmol/m
2
S

-1
) 

stomatal conductance was exhibited by transgenic line SP34 closely followed by 9.160, 

8.990 and 8.573 mmol/m
2
S

-1
 in SP32, SP10 and SP27 while in non-transgenic line it was 

6.340 mmol/m
2
s

-1
. The minimum stomatal conductance (4.133 mmol/m

2
s

-1
) was noted in 

SP17 followed by 5.333, 5.557 and 5.970 mmol/m
2
s

-1
 in SP65, SP57-1 and SP29, 

respectively (Table 3.9).  

Under normal condition, all lines showed significantly variable behavior for stomatal 

conductance.  It was maximum (23.230 mmol/m
2
s

-1
) in SP29 closely followed by 23.053, 

21.667, 21.240 and 21.040 mmol/m
2
s

-1
 in SP34, SP49, non-transgenic line and SP27, 

respectively while it was lower  (7.440 mmol/m
2
s

-1
) in SP65 closely followed by 7.937 

10.560 and 10.820 mmol/m
2
s

-1
 in SP57-1, SP17 and SP20, respectively (Table 3.9). 

Interaction between the evaluated lines and treatments was also significant for this 

parameter  (Table3.10). 
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 Table 3.10:  Mean square values of two way ANOVA of photosynthetic rate, transpiration rate and stomatal 

conductance at maturity stage of different sugarcane genotypes subjected to water stress and 

normal water condition 

 

 

 

          * Significant at 5% probability level  

 

 

 

 

Source DF Photosynthetic Rate Transpiration Rate Stomatal 

Conductance 

Treatment 1 851.828* 4.69784* 926.280* 

Varieties 16 88.188* 0.38568* 65.946* 

Treatment*Varieties 16 108.063* 0.39728* 53.653* 

Error 68 14.670 0.03882 4.317 

Total 101    
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CHAPTER 4 

Discussion 

Abiotic stresses, especially drought and salinity are the primary cause of crop loss world 

wide (Vinocur and Altman, 2005). Both stresses, drought and salinity are affecting more 

than 10% of arable land on our planet and result in a yield reduction on an average, of 

more than 50% in most major crops (Bartels and Sunkar, 2005). Drought stress is one of 

the most devastating abiotic stress which results in the reduction of the growth rate, 

stomatal aperture, leaf expansion, stem elongation and ultimately productivity (Alexieva 

et. al., 2001). It is more destructive for high water loving crop such as sugarcane that 

remains in the field nearly for 12 months or more. It is estimated that the annual 

requirement of water for sugarcane production in Pakistan is 1,600-2,000 mm. Therefore, 

excluding rainfall factor, 16-18 irrigations are required to obtain high yield of sugarcane 

crop (Chattha et al., 2006). But due to water shortage, it is very difficult to fulfill this 

high irrigations requirement of sugarcane.  

Drought stress poses a serious threat to sugarcane productivity and severe losses have 

been reported (Ramesh and Mahadevaswamy, 1999; Venkataramana, 2003). Drought 

avoidance or tolerance has become the forefront for agronomic research in recent years 

due to the declining irrigation resources, increased demand of irrigations and losses in 

crop productivity (Gowda et.al., 2007). According to Singh and Reddy (1980), the use of 

drought tolerant varieties is more effective way to get rid of the water stress problems. 

Therefore, plant breeders are striving to develop genotypes that could maintain yield and 

yield components under drought conditions and maintain water reserves. So, there is dire 

need of low water requiring or drought tolerant sugarcane varieties.    

Crop improvement through conventional breeding has dramatically enhanced their yields 

and has resulted in generation of thousands of crop varieties to meet highly diversified 

demand of agricultural products. Due to high ploidy number, large genome, low fertility 

and complex environmental interaction in sugarcane, conventional breeding has achieved 
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very limited success to improve this crop. Genetic engineering on the other hand is one of 

the promising strategies for crop improvement and for increasing agricultural 

productivity (Herrera-Estrellla, 2000). It allows gene transfer between unrelated genus or 

species. It greatly widens the genetic resource to improve crops. It is more effective 

because it avoids the problem of linkage drag associated with conventional breeding. 

Therefore, generation of drought tolerant transgenic sugarcane varieties is one of the 

possible way for sugarcane improvement. 

Availability of robust tissue culture method is the pre-requisite for developing a highly 

efficient transformation system (Geng et al., 2008). Therefore, finding of reproducible 

and proficient somatic embryogenesis system strengthens the transgenic technology in 

sugarcane because embryogenic callus is the most suitable target tissue for genetic 

transformation (Snyman et al., 1996). In the present study, optimized medium (Table 2.1) 

was used to observed the response of locally grown sugarcane genotypes (CSSG-668, 

CPF-237, CPF-245, S-2003US-633 and S-2003US-114) to callus induction, embryogenic 

callus production and regeneration. The results showed that callus induction (77-91%), 

embryogenic callus production (28-75%) and regeneration (35-77%) varied among the 

evaluated genotypes which may be due to genotypic variability (Section 3.1; Figure 3.2). 

These results are in agreement with the findings of Gandonou et al. (2005) in sugarcane 

who observed that callus induction rate varied from 69.23 to 95.87% which indicated that 

callus induction ability is greatly influenced by the genotypes. Moreover, Badawy et al. 

(2008) had also reported that the callus induction capacity in sugarcane is genotype 

dependent.   

Ability of sugarcane genotype to produce the embryogenic callus is the most critical 

parameter (Bower and Birch, 1992). It shows the capacity of calli to regenerate plantlets 

from one cell or few numbers of cells. In the present study, the tested genotypes showed 

significant variations for embryogenic calli production (Section 3.1.1; Figure 3.2). These 

results are likely to the findings of (Liu, 1993; McCallum et al., 1998; Gandonou et al., 

2005) who reported that different sugarcane genotypes produced the variable 

embryogenic calli. In contrast, Badway et al. (2008) reported that all three genotypes of 
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sugarcane in their experiment, showed high embryogenic callus percentages (about 95%) 

but non-significant difference were observed among genotypes. Significant variations in 

regeneration of all the tested genotypes were also observed (Section 3.1.2; Figure 3.2). It 

might be due to genotypic differences which showed different behavior for callus 

induction and regeneration. These results are consistent with the findings of (Gill et al., 

2004; Gandonou et al., 2005) in sugarcane who reported that different sugarcane varieties 

showed significant differences in their response for percent shoot regeneration. However, 

present regeneration results are not in agreement with the findings of Khan et al. (2009) 

who observed non-significant difference for shoot regeneration among three sugarcane 

cultivars.  

Srreeramanan et al. (2006) stated that determination of optimum concentration of 

selective agent is the most critical step in stable genetic transformation as this can make 

selection process more efficient. As the minimum inhibitory concentration of selective 

agent is tissue and species specific (Parveez et al., 1996), thus in the present study, the 

minimum inhibitory concentration of geneticin (G-418) was optimized for embryogenic 

calli of four sugarcane genotypes (CSSG-668, CPF-245, S-2003US-633 and S-2003US-

114). It was observed that geneticin (G-418) is efficient selection agent for embryogenic 

sugarcane callus and response was variable to selective agent at the same concentration in 

different cultivars. It was also noted in this study that 60 mg/L geneticin (G-418) 

concentration was the most effective for cv. CSSG-668, CPF-245 and S-2003US633, 

while 35 mg/L was effective for S-2003US114 (Section 3.2.1; Table 3.1). This variation 

in sensitivity of cv. S-2003-US114 to selective agent might be due to different amount  of 

endogenous resistance. Similarly, Van Boxtel et al. (1995) reported that the sensitivity to 

selective agents was genotype dependent. On the other hand, similar sensitivity of other 

three genotypes to selective agent might be due to same amount of endogenous 

resistance. These optimum concentrations may enhance the effectiveness of the selection 

system for tested genotypes. 

Christou, (1996) reported that reporter gene ß-glucuronidase (GUS) is useful for detecting 

the tissues receiving foreign genes and determining the number of expressing cells. 
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Therefore, embryogenic calli of sugarcane cv. CSSG-668 was transformed with GUS 

gene using Biolistic mediated transformation method and selection of transformed cells 

was done on optimized callus selection medium containing geneticin (60 mg/L). 

Successful sugarcane genetic transformation was  observed by the presence of resistance 

in transformed tissue to high dose of geneticin and the presence of (GUS) expression in 

93% of the survived tissue (23%) at the optimized 60 mg/L selective agent concentration 

(Section 3.3; Figure 3.8 & 3.9). The first report for the production of transgenic 

sugarcane plants using this method was published in 1992 by Bower and Birch. After that 

a number of scientists reported stable sugarcane transformation using this method (Bower 

et al., 1996; Falco et al., 2000; Khalil, 2002; Vickers et al., 2005; Molinari et al., 2007; 

Wu et al., 2007).  

Due to drought sensitivity (personal communication with the breeder) and better tissue 

culture response, advanced line CSSG-668 was further used to transform with 

Arabidopsis vacuolar H
+
-pyrophosphatase (AVP1) gene for developing drought tolerance 

in this genotype. Total 120 putative transgenic plants were generated from 12 

independent bombardment batches (6 shot/batch; Section 3.4.1 & 3.4.2; Table 3.4).These 

putative transgenic sugarcane plants were further subjected to PCR analysis and 34 plants 

were positive for both transgene (nptII and AVP1). Figure 3.11 & 3.12 indicated the 

amplification product of marker gene (nptII) and specific gene (AVP1) in the transgenic 

lines (Section 3.4.3.1). Transgene analysis through PCR is routine practice and performed 

previously by number of scientists (Bazzini et al., 2006; Missiou et al., 2005; Thomas et 

al., 2004). Results of Southern analysis in the present study showed the varied copy 

number (1-4) in the genome of different sugarcane lines. No hybridized band was present 

in respective non-transgenic line (Section 3.4.3.2; Figure 3.13). It is well established that 

Biolistic mediated genetic transformation method results in varied number of transgene 

integration in transgenic plants because it integrates the DNA at random location and in a 

complex pattern of multiple copies and/or partial copies (Maqbool and Christou, 1999). 

Therefore, these results are in accordance with number of other contemporary workers. 

Molinari et al., (2007) generated transgenic sugarcane plants through Biolistic mediated 

transformation method with a hetrologous P5CS gene from V. aconitifolia. They 
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confirmed the stable integration of transgene through Southern hybridization and 

observed 1-2 transgene integration in different events. Falco et al., (2000) transformed 

sugarcane embryogenic calli with two plasmids containing genes for neomycin 

phosphotransferase (nptII) and phosphinothritrycin acetyltransferase (bar) by particle 

bombardment and presence of transgene were confirmed by Southern experiment. Their 

results showed varied copy number of nptII gene (1-3) and bar gene (2-5) in transgenic 

sugarcane plants. Vendruscolo et al. (2007) generated drought tolerant transgenic wheat 

using Biolistic mediated transformation method. Their southern analysis indicated the 

presence of two copies of transgene in all transgenic lines. Our results are not in line with 

Bower et al. (1996), who observed that the average number of gene insertions in 

sugarcane was five using Biolistic mediated transformation method  

Southern positive lines along with respective non-transgenic line were further analyzed 

for transgene expression at RNA and protein stage though Northern and Western 

analysis. Results of these experiments indicated that protein expression of AVP1 gene in 

selected transgenic lines were variable and more compared to respective non-transgenic 

line under stress condition (Section 3.4.3.3; Figure 3.14 & 3.15). The different expression 

amount between the transgenic plants could be caused by the number of AVP1 gene 

integration into the genome or the sites of insertion (Gaxilola et al., 2001). The AVP1 

expression was consistent with drought tolerant transgenic lines. The lines SP27, SP34, 

SP58 with higher AVP1 expression showed the better tolerance to drought than SP65 with 

lower AVP1 expression. The lines SP27, SP34 and SP58 also exhibited better growth and 

physiology than respective non-transgenic line under stress condition. These results are in 

line with the findings of Pasapula et al. (2010) who reported increased AVP1 protein 

concentration in transgenic lines compared to wild type plant under stress condition. 

Gaxiola et al. (2001) showed that transgenic Arabidopsis plants expressing AVP1 gene 

had varied and higher protein amount than wild type while Bao et al. (2009) reported the 

consistent expression of AVP1 gene at RNA stage in transgenic alfalfa (Medicago sativa 

L.) under stress condition and non-transgenic showed no expression. Brini et al. (2007) 

monitored the RNA expression of transgenic Arabidopsis thaliana L. plants transformed 
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with wheat vacuolar H
+
PPase (TVP1) for drought tolerance. They observed similar and 

variable TVP1 expression amount among tested transgenic lines under stress condition. 

Development of sugarcane plant comprised of four physiological phases i.e. germination, 

tillering, grand growth and maturity. Tillering plus grand growth phase have been 

considered as critical water demanding period (Gascho and Shih, 1983; Ramesh, 2000), 

due to high cane yield (70-80%) during this phase (Singh and Rao, 1987). Stress during 

this period shows the negative effect on agronomic growth traits (Naidu, 1976). In this 

study water stress was given to thirteen transgenic sugarcane lines in micro-plots during 

tillering and grand growth phase (approximately after six months). Significant variations 

in agronomic and physiological traits were observed among all tested transgenic 

sugarcane lines along with non-transgenic line (Section 3.5; Table 3.5, 3.7 & 3.9). These 

variations might be due to position effect (integration site), dosage effect (transgene copy 

number), gene expression and insertion mutagenesis or gene silencing (Fladung, 1999; 

Maqbool and Christou, 1999; Matzke et al., 2000; James et al., 2002; Kathuria et al., 

2007). 

Growth is an important tool for assessing crop productivity in various crops (Li, 2000; Li 

and Wang, 2003). In the present investigation, AVP1 transgenic sugarcane lines showed 

significant variations in growth and vigor under water stress condition. The transgenic 

lines SP27, SP34, SP58 and SP10 showed better growth under water stress condition than 

others (Section 3.5.1; Figure 3.17; Table 3.5). This could possibly be due to number of 

copies of AVP1 insert into genome or the position of gene integration and gene 

expression modulation (Gaxiola et al., 2001; Jackson et al., 2004). The results of present 

study also indicated that the transgenic plants with different number of transgene copies 

responded differently to the applied water stress condition. Transgenic sugarcane lines 

(SP27 SP34 and SP58) having two copies of AVP1 transgene showed better growth than 

SP65 with four copies of transgene under water stress condition (Figure 3.13; Table 3.5). 

These results were contradictory to the results of Molinari et al., (2007) in sugarcane. 

They showed that despite the different number of transgene P5CS copies, plants of the 

three events responded similarly to the imposed water stress conditions. It might also be 
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due to the maintenance of ion homeostasis and enhanced vacuolar osmo-regulatory 

capacity of the over-expressed AVP1 gene. These results are also consistent with the 

findings of (Gaxiola et al., 2001; Bao et al., 2009; Pasapula et al., 2010) who reported 

that AVP1 over-expressed transgenic plants of Arabidopsis, Alfalfa and cotton showed 

significantly better growth than that of control plants under water stress condition.  

In this study, visually it was observed that AVP1 over-expressing transgenic sugarcane 

lines SP27, SP34, SP10 and SP58 showed better root growth than respective non-

transgenic line under drought stress condition (Figure 3.17C & D). This better rooting 

system increases the ability of plant to capture water which is basic adaptation to avoid 

drought stress (Morgan, 1995; Lowlor and Cornic, 2002;   Liu et al., 2005; Meenakshi et 

al., 2005). Li et al., (2005) reported that AVP1 over-expression stimulates auxin polar 

transports in root systems which in turn stimulate root development and ultimately 

enhances the drought tolerance. These observations are in agreement with those reported 

in other systems where AVP1 over-expression significantly increased root development 

and drought tolerance in transgenic Arabidopsis thaliana under stress condition (Gaxiola 

et al., 2001; Li et al., 2005). Similarly, much larger root systems were also reported in 

AVP1 over-expressing transgenic alfalfa and in cotton than non-transgenic line under 

stress condition (Bao et al., 2009; Pasapuala et al., 2010).  

The crucial production traits in sugarcane are cane height, cane number and cane 

diameter (Landell and Silva, 2004). The results of present study showed that drought 

stress reduced yield and yield components of all the tested transgenic and non-transgenic 

sugarcane lines. Means of cane length, cane diameter, millable canes and number of 

nodes were significantly better under normal condition than water stress condition 

(Section 3.5.1; Table 3.5). It might be due to decreased mitoses, cell expansion and 

elongation which finally caused decrease in plant height, leaf area and crop growth rate 

(Kaya et al., 2006; Hussain et al., 2008). These results are in agreement with the work 

reported by Silva et al. (2008a & b) who reported that stalk number, stalk height, stalk 

diameter, weight, as well as productivity, were affected by genotypes and water regime 

and means of these traits under irrigated condition were significantly greater than the un-
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irrigated conditions. Other studies also showed that cane elongation strongly affected 

under drought conditions (Ramesh and Mahadevaswamy, 2000; Silva and Costa, 2004; 

Soares et al., 2004; Inman-Bamber and Smith, 2005). 

Under water stress condition, SP10, SP58, and SP27 showed 43% and 51% higher cane 

length than non-transgenic line (Section 3.5.1.1; Table 3.5). These transgenic lines 

avoided the drought stress better than non-transgenic line and showed better cane height. 

This could be due to over-expression of AVP1 gene in these transgenic lines compared to 

non-transgenic line. These results are in accordance with the findings of other 

contemporary workers who reported transgenic plants over-expressed AVP1 showed 

better plant height and biomass as compared to non-transgenic line (Gaxiola et al., 2001; 

Park et al., 2005; Li et al., 2005; Asad et al., 2008; Pasapula et al., 2010). 

The findings of the present study are also consistent with the results of Ramesh and 

Mahadevaswamy (2000); Silva and Costa (2004), who showed that under drought 

conditions the highest stalk height values were always positively associated with the most 

productive genotypes. Silva et al. (2008b) suggested that it is possible to select sugarcane 

families under water deficit conditions associated with higher stalk diameter, stalk 

number and stalk height. Wagih et al. (2003) also reported the significance of differences 

in root, cane, leaf and biomass parameters among genotypes of sugarcane under adequate 

water applications and in response to stress. Reduction in cane length (upto 41%) in four 

genotypes of sugarcane was recorded by Ramesh and Mahadevaswamy (2000) with 

moderate drought stress applied between 60 to 150 days after planting. On the other hand, 

Silva and Costa (2004) found upto 12% reduction in cane height of drought tolerant 

sugarcane genotypes when stress was created from fourth to sixth months. 

In the present study, two transgenic sugarcane lines (SP27 and SP58) maintained the 

higher millable canes compared with respective non-transgenic line under water stress 

condition (Section 3.5.1.2; Table 3.5). Transgenic sugarcane lines showed varied cane 

diameter, the highest was in SP49 followed by SP27, SP10, SP34 and SP58 while it was 

lower in non-transgenic line under water stress condition (Section 3.5.1.3; Table 3.5). 

Similar genotypic response to water stress regarding cane diameter has been reported by 
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Silva and Costa (2004). Results of present study indicated that the combination of all the 

agronomic attributes could affect final yield (Bissessur et al. 2001). Landell and Silva 

(2004) also suggested that agronomic traits are important components for the final yield 

of sugarcane. The selection for high cane yield production in different sugarcane lines 

can be made on the basis of combination of cane length, cane diameter, and number of 

nodes per cane (Landell and Silva, 2004).  Vasantha et al. (2005) tested fifteen sugarcane 

promising lines for drought tolerance. They noted 18% reduction in number of millable 

canes while 37% loss in total cane yields due to drought stress.  However, they found 

some genotypes with higher cane and sugar yield even under drought conditions which 

was due to their inherent potential of resistance to drought. The results of present study 

indicated that transgenic sugarcane lines over-expressing AVPI gene have ability to 

maintain higher cane length, cane diameter and number of nodes under stress conditions.  

In the present study, water stress showed significant affect on brix contents in all the 

transgenic and non-transgenic sugarcane lines under stress condition because senescence 

of leaves was started earlier in the drought stressed leaves of transgenic and non-

transgenic line,q which resulted in reduced rate of photosynthesis, transpiration and 

stomatal conductance consequently sugar contents or brix % of stressed plants depleted. 

These results are according to Tetsushi and Karim (2007) and Ishaq and Olaoye (2009) 

who reported reduction in brix % and fiber contents in sugarcane grown under water 

stress conditions. However, transgenic sugarcane lines SP34, SP27, SP58 showed higher 

sugar contents (brix %) compared to non-transgenic lines under stress condition (Section 

3.5.1.4; Table 3.5). It might be due to less damages to photosynthetic machinery resulted 

better photosynthetic activity or sugar accumulation (a character of drought tolerant 

cultivars; Vinocur and Altman, 2005) and might be due to growth changes occurred after 

transgene (AVP1) integration in transgenic lines.  

The improvement in transgenic sugarcane lines in the present study might also be due to 

conservation of plant moisture. This water conservation might be due to partial closing of 

stomata, reduction in transpiration and increase in root penetration (Alfredo and Setter, 

2000). The physiological data of the transgenic sugarcane lines indicated that some 



Results 

 

 

 90 

transgenic lines sugarcane had increased drought tolerance (Section 3.5.2; Table 3.7 & 

3.9). This might be due to enhancement of the proton electrochemical gradient by over-

expression of AVP1 which increased their tolerance to drought stress and ultimately led 

to increased productivity. This demonstrates the potential use of transgenic approach in 

developing new plant cultivars with increased drought tolerance and enhanced 

productivity. It was suggested by Kumar (2005) that plant or group of plants exhibited 

better growth and productivity under limited soil moisture condition than other plants in a 

given set of similar environments are considered as drought tolerant. On the basis of 

above findings, the mentioned transgenic sugarcane lines SP27, SP34, SP58 and SP10 

could be considered as drought tolerant.  

In the present study, reduced yield and yield components of transgenic and non-

transgenic sugarcane lines under water stress condition; might also be as a result of 

decrease in RWC, turgor, osmotic and water potentials that result in decreased stomatal 

conductance. Ultimately, photosynthesis, growth and yield were reduced (Basra et al., 

1999). Under water stress condition, the transgenic sugarcane lines SP27, SP32, SP58 

and SP10 showed significantly better RWC (a parameter to assess the water status in 

plant) than respective non transgenic control (Section 3.5.2.1; Table 3.7). The retention of 

more water in transgenic lines might be due to over-expression of AVP1 gene which 

ultimately result in increased root penetration and increased solute accumulation (Gaxiola 

et al., 2001). These results are in line with (Gaxiola et al., 2001; Bao et al., 2009) who 

reported the retention of more water in the leaves of AVP1 over-expressing transgenic 

Arabidopsis and alfalfa plants than wild type plants under stress conditions, respectively. 

Brini et al. (2007) reported that transgenic Arabidopsis plants over-expressing wheat H
+
 

PPase (TVP1) maintained higher RWC than wild type under stress conditions. 

Low leaf water potential resulted in closure of stomata and reduced CO2 availability 

which ultimately caused decreased photosynthesis and yield under water stress condition 

(Ashraf et al., 1994; Ashraf, 1998). Maintenance of turgor is necessary for optimal plant 

growth (Ghannoum, 2009). Therefore, any affect in these parameters might resulted in 

changes of physiological and biochemical activities of the plants. It is reported that 
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osmotic adjustment occurs due to the accumulation of organic or inorganic solutes within 

the cell, which lowers the osmotic potential that helps in maintaining the turgor of plants 

experiencing drought stress (Ashraf et al., 1994). The mechanism of compensation is 

necessary for the survival of the plants because with the reduction in water supply, soil 

matrix potential also decreases. So, faster reduction in osmotic potential in plant is 

therefore, necessary to maintain the potential difference to allow water uptake by the 

roots. In terms of energy potentials, reduction in the water potential due to drought stress 

is immediately off-set by decrease in the osmotic potential through the accumulation of 

solutes. Sugarcane lines SP10, SP27 and SP34 had the lowest leaf water potentials than 

non-transgenic line under drought condition (Section 3.5.2.2; Table 3.7). The results of 

present study indicated that in response to decline in leaf water potential due to a decrease 

in soil water supply, parallel decline in the leaf osmotic potential was also recorded. 

Under water stress condition, the reduction in osmotic potential was more pronounced in 

transgenic lines (SP34, SP58, SP27) over-expressing AVP1 than respective non-

transgenic line (Section 3.5.2.3; Table 3.7). Sugarcane lines having higher yield and yield 

components maintained lower leaf water potential and leaf osmotic potential. This 

behavior of transgenic lines showed better adaptability to drought stress. It could be due 

to higher osmo-regulatory capacity in transgenic lines than non-transgenic line (Gaxiola 

et al., 2001; Bao et al., 2009) These results are in agreement with the other contemporary 

workers (Gaxiola et al., 2001; Bao et al., 2009), who reported that values for osmotic 

potential in AVP1 over-expressing transgenic Arabidopsis and Alfalfa lines were more 

negative than wild type plant under stress condition.  

Physiological and morphological processes like leaf elongation, stomatal opening, and 

photosynthesis are directly influenced by the leaf turgor. Due to drought stress, plants 

lose their turgor resulting in reduction in cell expansion (Skirycz et al., 2010).  Therefore, 

plants must have to adjust their internal osmotic potential to maintain the turgor necessary 

to resume cell expansion and growth (Proseus et al., 2000). Contradictory reports are also 

available in the literature (Blum, 2005) indicating that the major mechanism of turgor 

maintenance is osmo-regulation. In the present study, AVP1 transgenic sugarcane lines 

with lower osmotic potential had higher turgor under water stress condition (Section 

http://jxb.oxfordjournals.org/search?author1=Timothy+E.+Proseus&sortspec=date&submit=Submit
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3.5.2.4; Table 3.7). The sugarcane lines SP58, SP34 and SP27 maintained higher turgor 

potential than respective non-transgenic line. Positive relationship among cane length, 

diameter, and millable cane and turgor potential was found in these lines. It is clear from 

the results of the present investigation that maintenance of turgor plays a significant role 

in the growth and sugarcane yield. Generally sugarcane lines with higher turgor have 

higher growth and cane yield under drought conditions. 

The rate of photosynthesis, transpiration and stomatal conductance were affected by mild 

drought stress due to disturbance in the flow of CO2 into the leaf (Santos et al., 2009). In 

the present study photosynthetic rate, transpiration rate and stomatal conductance 

decreased with water stress in all tested sugarcane lines. The decline in photosynthesis 

can be due to reduced leaf area or leaves senescence which caused reduction in light 

interception and C fixation per unit leaf area. It is due to closing of stomata or photo-

oxidation damages the photosynthetic mechanism (Bruce et al., 2002). However, AVP1 

over-expressing transgenic sugarcane lines SP27, SP34 and SP58 maintained higher 

photosynthetic rate, stomatal conductance and transpiration rate under stress condition 

than respective non-transgenic line (Sections 3.5.2.5, 3.2.5.6 & 3.5.2.7; Table 3.9). The 

present results are in line with the function of AVP1 in vacuolar Na
+
 sequestration and the 

building up of solutes, as a result photosynthetic machinery was protected from Na
+
 

toxicity and dehydration during drought stress (Bao et al., 2009). They indicated that 

photosynthetic capacity was higher in transgenic alfalfa over-expressing AVP1 than that 

in wild type under salt and drought stress. Zhao et al. (2006) concluded that the higher 

photosynthetic capacity of the transgenic rice plants might be related to the increased Na
+
 

sequestration and the less generation of H2O2 due to co-expression of the Suaeda salsa 

Na
+
/H

+
 antiporter (SsNHX1) and AVP1. Varietal/genotypic differences in stomatal 

conductance, transpiration and rate of photosynthesis in different crop species have been 

reported by many workers (Manavalan et al., 2009).  Ashraf,  (1998) and  Ashraf and 

O'Leary (1996) reported that on the basis of stomatal conductance, transpiration and 

photosynthesis rate, drought tolerant and susceptible genotypes can be separated. Low 

stomatal conductance means less opening of stomata indicating lower transpiration, 

which is an impediment for photosynthesis.  High growth and yield is the main function 

http://www.springerlink.com/content/?Author=M.+G.+Santos
http://pcp.oxfordjournals.org/search?author1=Lakshmi+P.+Manavalan&sortspec=date&submit=Submit
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of photosynthesis. Transpiration, a function of available water evaporation demands 

which regulates photosynthetic rate, stomatal conductance, CO2 in flow and regulation of 

water potential in leaf cells. It was reported that genotypes with higher stomatal 

conductance maintained a higher turgor, a lower osmotic potential suggesting a greater 

degree of drought tolerance.  Ashraf (1998) found positive relationship between 

transpiration, stomatal conductance and rate of photosynthesis. In the present study, 

positive relationship among rate of photosynthesis, transpiration and stomatal 

conductance were found in the tested transgenic sugarcane line over-expressing AVP1 

gene and these particular traits could be used as physiological markers for drought 

tolerance in sugarcane. 

Under normal condition, transgenic sugarcane lines showed significantly varied response 

to sugarcane yield and yield components and to physiological parameters (Sections 3.5.1 

& 3.5.2; Table 3.5, 3.7 & 3.9) because AVP1 played a role in facilitating auxin transport 

and the regulation of auxin related developmental processes such as root and shoot 

developments in addition its established role in maintenance of vacuolar pH (Li, et al., 

2005). Under normal condition, Li, et al. (2005) reported that AVP1 over-expressing 

transgenic rice plants had more rosette leaves and significantly greater leaf area than wild 

type. These plants also had enhanced root growth and dry weight compared with wild 

type.      

In conclusion, the present study showed that cultivar CSSG-668 proved to be very useful 

for efficient callus induction, embryogenic callus production and better transformation 

efficiency. This study also explained that expression of the AVP1 gene from Arabidopsis 

thaliana in sugarcane plant is an attractive strategy to enhance drought tolerance. The 

transgenic sugarcane lines SP27, SP34 and SP58 showed better growth and physiological 

performance than non-transgenic line under water stress condition. The developed clones 

could be suitable for cultivation in rain-fed and dry areas of the tropics or where dry 

season is frequently encountered such as sugarcane growing areas of Southern Punjab 

and Sindh. The methodologies developed may be helpful for the research scientists 

intended to produce drought tolerant sugarcane. Sustaining and improving the sugarcane 
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productivity and sugar recovery in the present scenario largely depend upon growing 

such drought resistant varieties. The developed drought tolerant transgenic sugarcane 

lines should be further tested in field for observing biosafety rules and for agronomic and 

physiological analyses under water stress condition.  
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