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Two morphogenic pathways, indirect somatic embryogenesis and direct somatic
embryogenesis, were compared and optimized for the accelerated production of
transgenic sugarcane plants. Transgenic plants were ready for transfer to soil within
three months for direct somatic embryogenesis and four and a half months for indirect
somatic embryogenesis from the initiation of cultures. The described protocols allowed
reproducible, stable genetic transformation of the commercially important sugarcane
cultivar, CP 88-1762. Accelerating the production of transgenic sugarcane plants not
only saves time and effort, but may also minimize somaclonal variation and improve
plant performance. Southern blot analysis revealed simple transgene integration
patterns with an average of 3.64 hybridization products. Neomycin
phosphotransferaseII-Enzyme-linked immunosorbent assay confirmed that most of the
transgenic plants expressed the transgene stably in vegetative progeny. Using a
minimal, linear expression cassette (MC) without vector backbone sequences for the
biolistic gene transfer and reducing the amount of MC to 10 ng per shot may have
contributed to simple transgene integration and stable transgene expression. Therefore,
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the optimized protocols will likely support stable transgene expression and good
agronomic performance of transgenic sugarcane plants.
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CHAPTER 1
INTRODUCTION
Sugarcane and Its Importance
Cultivated sugarcane (Saccharum spp. hybrids) shares the andropogoniae tribe of
the poaceae family with other agronomically important genera such as Coix,
Cymbopogon, Iseilema, Sorghum, Themeda and Zea (Heinz 1987). As is common to
the members of the adropogoniae tribe, sugarcane follows the C4 pathway (NADP+
malic enzyme variant) to fix CO2 (Vermerris 2008) and accumulates an annual world
average of 65 tonnes ha-1 fresh weight (Tew and Cobill 2008). At maturity, sugarcane
attains a height of 1.5 to 4 m with a stem thickness of 15 to 60 mm (Blume 1985). It is
successfully cultivated in the tropical and adjacent subtropical regions of nearly 80
nations spanning 37°N to 31°S latitude with an ambient growth temperature range of
30-34°C (Blume 1985). In the United States, sugarcane is cultivated in the states of
Florida, Louisiana, Texas and Hawaii.
Each season, sugarcane is planted using sugarcane stem sections bearing axillary
buds called ‘setts’ or ‘seedcane’, which germinate and produce shoots. Disease-free
seedlings for transplanting are asexually propagated using in vitro techniques. At the
end of first season, sugarcane stems are harvested, and the next sugarcane crop
sprouts from stubbles of the harvested cane, also called the first-ratoon. Similarly,
second-ratoon grows from the stubbles of the previous crop. Ratooning of sugarcane
beyond the third season is not feasible due to the decline is yield and susceptibility of
the crop to diseases and pests.
Historically sugarcane has been cultivated for its sweet chewy internodes that
contain sucrose or ‘table sugar’ which is still the most important economic product
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derived from it. Table sugar is also produced from sugar beet, but owing to the higher
cost of cultivation and a requirement for temperate climate, sugar beet contributes only
30% to the total world sugar production, and the larger share (70%) comes from
sugarcane (FAO 2011). Brazil (23.5%) and India (16.8%) contribute most to sugar
production, all of which is derived from sugarcane (USDA 2011). Florida is the largest
producer of sugarcane in the US and accounted for 13.7 million tons in 2010, which is
equivalent to 49.1% of national cane production (NASS 2011).The United States
contributed 4.4% to the 2011-12 total world sugar production, 57.7% of which was
derived from sugar beet and the rest from sugarcane (USDA 2011).
Processing sugarcane to crystallized sugar yields 38 other byproducts (Paturau
1986) of which bio-ethanol is of great economic importance. Crushed sugarcane stalks
or ‘bagasse’ as it is known, is used in boilers for the generation of pressurized steam,
which produces electricity, a process known as ‘co-generation’ (Tew and Cobill 2008).
Brazil is the world leader in sugarcane-based bioethanol production technology
producing 25 billion liters of ethanol during 2009-10 (CONAB 2009), accounting for
nearly 50% of the national transportation fuel requirement and 16% of the total energy
consumption in Brazil (Dante et al. 2010). The implementation of the Energy
Independence and Securities Act of 2007 in the US has increased the renewable fuel
standard to 36 billion gallons by 2022 (EPA 2011), of which 21 billion gallons are
expected to come from cellulosic biomass (Agbogbo and Coward-Kelly 2008).
Advances in sugarcane breeding, cultural practices and biotechnology will be key for
achieving these goals in the future.
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Origin, Breeding and Cytogenetics of Modern Sugarcane
The earliest cultivated sugarcane, (S. officinarum L.) originated in the New Guinea
and the northern India-Burma-China region (Sleper and Poehlman 2006). Present
cultivars grown worldwide are complex hybrids between previously cultivated sugarcane
species S. officinarum L., S. barberi Jesw., and S. sinense Roxb. and wild species S.
robustum L. and S. spontaneum L. (Sleper and Poehlman 2006). The earliest attempts
at breeding of sugarcane were in 1888 by Dutch breeders in response to widespread
susceptibility to ‘sereh’ disease in Java (Stevenson 1965).
Major contribution to sugarcane improvement came from the crosses made
between S. officinarum and S. spontaneum that led to the development of modern
cultivated sugarcane, Saccharum spp hybrids. S. officinarum clones have thick, juicy
stems with high sucrose and low fiber content, but are prone to diseases. S.
spontaneum has a tough rind, thin stems, are low in sucrose levels, but high fiber
content, with hollow internodes, a weedy growing habit and are resistant to major
sugarcane diseases. Combining of genetic traits such as high sucrose content, low
fiber, disease resistance and drought tolerance was accomplished by interspecific
hybridization using S. officinarum as the female parent and S. spontaneum as the pollen
donor followed by recurrent backcrossing of the resultant F1 clone to S. officinarum, a
process known as the ‘nobilization’ of sugarcane (Tew and Cobill 2008).
Improvement of modern sugarcane cultivars through breeding is accomplished by
crossing diverse, sexually compatible fertile parents followed by selection of desirable
recombinant progenies. Extensive field testing and multilocation trials are conducted to
ensure clonal stability, yield stability, disease and pest resistance and environmental
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adaptability. A clone may be released for general cultivation 12 to 15 years from the
time of initial hybridization (James 2004).
The earliest S. officinarum clones used as parents in crosses had 2n= 80 and S.
spontaneum clones had 2n= 40 to 128 chromosomes. As a result, the modern cultivars
have a variable chromosome number varying from 2n= 100 to 130 and are frequently
aneuploid (Grivet and Arruda 2002). The use of genomic in situ hybridization and
fluorescent in situ hybridization has revealed that the elite cultivars contain 10 to 23%
intact chromosomes derived from S. spontaneum and 8 to 13% recombinant
chromosomes derived from S. officinarum and S. spontaneum (Piperidis et al. 2010).
A peculiar and well documented phenomenon in sugarcane cytogenetics is the
‘2n+n’ transmission in the F1, F2 and BC2 generations when S. officinarum is crossed as
female to other Saccharum species (except S. robustum), which results from unreduced
egg during meiosis. Furthermore, as noted by Bhat and Gill (1985), the unreduced eggs
may be the result of either endoreduplication or second division restitution, which is
characteristic of a clone and would affect the degree of heterozygosity in the following
generation. Most of the elite clones and generations succeeding BC2 display ‘n+n’
chromosome inheritance (Burner 1997). Bielig et al. (2003) have reported the formation
of ‘2n’ male gametes in cultivated sugarcane; such cultivars may be classified according
to the frequency at which unreduced male gametes are formed.
Due to the presence of aneuploidy, irregular chromosome pairing behavior
(Jannoo et al. 2004), mosaicism (Tlaskal et al. 1970) and meiotic anomalies like
anaphase bridges, laggards, micronuclei and pseudo-bivalents are observed and further
add to genomic instability in succeeding generations (Burner and Legendre 1994).

15

Limitations of Sugarcane Improvement through Breeding
Sugarcane improvement requires dedicated facilities and breeding programs for
the production of a large number of crosses followed by selection of desirable plants
that are tested in multilocation trials. It has been estimated that nearly 250,000
seedlings are screened in the initial generation for the commercial release of a single
cultivar (Cheavegatti-Gianotto et al. (2011).
Most of the sugarcane breeding programs utilize some modification of the
recurrent selection scheme. Genetic gains made through selection for a given trait is
determined by genetic variability in the base population from which selections are being
made, heritability of the trait and its correlation with other traits being selected for
(Jackson 2005). Since the majority of elite clones being currently used for sugarcane
improvement have common ancestry, there is concern that improvement of traits for
sugarcane productivity may reach a plateau (Lima et al. 2002).
Yield traits, agronomic traits, and disease and pest resistance are governed by
quantitative inheritance. The gain in sugarcane productivity through breeding in the
recent years has been between 1-1.5% (Waclawovsky et al. 2010). Breeding for these
traits is further complicated due to the polyploid nature of Saccharum spp. hybrid
clones. Therefore, cultivar improvement requires extensive efforts in backcrossing and
outcrossing followed by selection.
Genetic hybridization of sugarcane is often hindered due to the sterility in clones or
due to asynchrony in sugarcane flowering. Synchronization of flowering may be
achieved by dark period interruption at the time of flowering initiation of early season
canes or by the photoperiod reduction of clones flowering later in the season (Midmore
1980). In addition to photoperiod requirement for flowering, temperature plays an
16

important role too. Flowering induction requires warm nights (over 18.3°C), which can
be maintained by planting clones in pots that can be moved into temperature regulated
growth houses at night (James 1969).
Sugarcane breeding can only improve traits for which genetic variation exists.
Additional traits like resistance to herbicides, insects, production of recombinant
proteins and biopolymers can only be introduced via genetic transformation. Although,
transgenic sugarcane lines have not yet been released for commercial cultivation,
several field trials are underway in Brazil, Australia and USA, (Cheavegatti-Gianotto et
al. 2011, Hotta et al. 2010) containing genes for altering source sink relationships, which
might contribute to significant improvement in sugarcane cultivation in the future (DalBianco et al. 2011).
Sugarcane Tissue Culture
Initially tissue culture was included in the sugarcane breeding programs worldwide
with the hope that it would contribute to the rapid establishment of disease-free clones,
improvement through colchicine induced chromosome doubling (Heinz et al. 1970; Liu
et al. 1977) and in vitro maintenance of germplasm (Maretzki 1987). Over the years,
research on sugarcane tissue culture has progressed and cleared several hurdles to
make it a valuable tool for the improvement of sugarcane by providing a rapid means for
clonal multiplication (Grisham and Boug 1989; Lorenzo et al. 2001; Mordocco et al.
2009), the creation of variation (Jalaja et al. 1987; Larkin and Scowcroft 1981, 1983;
Leal et al. 1996), development of artificial propagules (Biradar 2008; Nieves et al. 2003),
cryopreservation (Gnanapragasam and Vasil 1990; Gonzales-Arnao et al. 1999; Paulet
et al. 1993; Taylor and Dukic 1993) and genetic transformation (Altpeter and Oraby
2010).
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Types of Cell Culture in Sugarcane
Dedifferentiated somatic tissues of sugarcane have been maintained in vitro as
cell suspensions, protoplast cultures and calli on solid media. The source of cell
suspensions and protoplast cultures is sugarcane callus. Cell suspension cultures are
obtained when young morphogenic callus is cultured in liquid nutrient medium with
rotatory motion to facilitate aeration and release of single cells into culture medium. Cell
suspensions may then be used for the production of sugarcane protoplasts by
enzymatic treatment to facilitate removal of cell walls or alternately, calli may be treated
directly with enzymes for the release of protoplasts.
Extensive investigations in biochemistry (Goldner et al. 1991; Lesley et al. 1980;
Maretzki et al. 1969), cell culture (Chen et al. 1988; Nickell and Maretzki 1969, 1970),
cytogenetics (Krishnamurthi 1976; Tabaeizadeh et al. 1986), plant pathology (Jalaja et
al. 1987; Oropeza et al. 1995; Singh et al. 2008) and physiology (Thom et al. 1981;
Wyse and Komor 1984) have been undertaken using sugarcane cell cultures.
Media Composition and Sugarcane Tissue Culture
Tissue culture media supports cell growth by providing macronutrients,
micronutrients, source of energy, and vitamins. Majority of reports in sugarcane tissue
culture have used Murashige and Skoog (1962) medium or its modifications for callus
culture (Table 1-2). However, reports indicate Chu’s N6 medium to be superior for
maintenance and proliferation of long-term cultures which have been initiated on
Murashige and Skoog (1962) medium (Brisibe et al. 1994; Fitch and Moore 1993).
Organic additives like coconut water (Ahloowalia and Maretzki 1983; Ho and Vasil
1983; Nadar and Heinz 1977), myo-inositol (Fitch and Moore 1990, 1993) and casein
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hydrolysate (Brisibe et al. 1994; Garcia et al. 2007) have been often used in cultures to
enhance the callogenic response (Table 1-1).
Explants in Sugarcane Tissue Culture
In contrast to self-pollinating or apomictic monocots, sugarcane is cross pollinating
and requires vegetative tissues for initiation of genetically uniform, regenerable tissue
cultures (Heinz 1987). The explants used in sugarcane tissue culture are derived from
totipotent somatic tissues. Explants like immature inflorescences (Liu 1993; de los
Blanco et al. 1997; Gallo-Meagher et al. 2000), immature leaf cross-sections
(Ahloowalia and Maretzki 1983; Brisibe et al. 1994; Chen et al. 1988; Fitch and Moore
1990; Ho and Vasil 1983; Hoy et al. 2003), apical meristems (Ahloowalia and Maretzki
1983; Hoy et al. 2003) and axillary buds (Garcia et al. 2007) have been successfully
used for inducing embryogenesis or organogenesis.
Morphogenic Routes in Sugarcane
Two principal routes of morphogenesis have been observed in sugarcane:
organogenesis and somatic embryogenesis, both of which are influenced by auxincytokinin concentration and light intensity (Lakshmanan et al. 2006; Garcia et al. 2007).
Organogenesis, as the name suggests, involves the development of shoot or root
primordia without the development of somatic embryos and is believed to have a
multicellular origin. Shoot organogenesis in sugarcane is induced when explants are
cultured under illumination and in the presence of high concentrations of auxins, mainly
1-napthaleneacetic acid (Garcia et al. 2007; Lakshmanan et al. 2006). It is routinely
used in the clonal propagation of sugarcane for mass production of disease-free
seedlings from apical meristems (Burner and Grisham 1995; Hendre et al. 1983; Lee
1987) or axillary buds (Sauvaire and Galzy 1978).
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Somatic embryogenesis comprises the development of structures resembling
zygotic embryos arising from somatic tissues, originating from a single cell, and capable
of regenerating into a complete plant. Use of 2,4-dichlorophenoxyacetic acid at varying
concentrations has been widely employed for the initiation of somatic embryogenesis in
sugarcane (Ahloowalia and Maretzki 1983; Gallo-Meagher et al. 2000; Ho and Vasil
1983; Snymnan et al. 2001).
Extensive research on sugarcane embryogenesis has revealed the presence of
alternate regeneration pathways: direct and indirect embryogenesis. Direct
embryogenesis is induced by the use of low concentrations (0.2-0.3 mg L-1) of 2,4dichlorophenoxyacetic acid (Ho and Vasil 1983; Snyman et al. 2001; Van Der Vyver
2010) which results in the development of somatic embryos without a callus phase.
Indirect somatic embryogenesis results from the use of 2,4-dichlorophenoxyacetic acid
(2.5-3.0 mg L-1) which leads to development of callus followed by the formation of
somatic embryos on the surface of the callus or from the growth of somatic embryo
itself.
Apart from the presence or absence of a callus phase prior to the development of
somatic embryos, these routes differ greatly in the duration in which shoots are
regenerated. Development of direct somatic embryos occurs earlier than indirect
somatic embryos, which allows earlier regeneration from direct somatic embryos,
reduces tissue culture duration and facilitates the reduction of somaclonal effects in the
regenerated plants.
Genetic Transformation in Sugarcane
Another major application of sugarcane in vitro culture is the development of
transgenic plants. The advantage of transgenic technology is the ability to rapidly
20

improve sugarcane by the introduction of a foreign gene. The probability of transgene
escape for sugarcane through pollen or seeds is minimal due to the short viability of
pollen and absence of flowering or seed set in commercial settings (Bonnett et al. 2008;
Cheavegatti-Gianotto et al. 2011).
Transgenic sugarcane plants have been developed via biolistic transformation
(Bower and Birch 1992), intact cell electroporation (Arencibia et al. 1992) and
Agrobacterium-mediated transformation (Arencibia et al. 1998) (Table 1-2). Biolistic
transformation is largely genotype independent, allows the simultaneous introduction of
several unlinked minimal expression cassettes and is the most frequently used method
for the introduction of DNA in sugarcane (Altpeter and Oraby 2010; Jakob et al. 2009).
Optimization of genetic transformation techniques has been largely possible due to
the availability of a large repertoire of selectable markers and reporter genes.
Selectable marker genes encode enzymes that are capable of metabolizing the toxic
selective agent in culture medium and are used in selecting tissues that have been
stably transformed. The most frequently used selectable marker gene for sugarcane
transformation is the antibiotic resistance gene neomycin phosphotransferaseII (nptII)
with geneticin sulfate. The other selectable markers that have been used in sugarcane
include phosphinothricin resistance gene-bar, hygromycinB resistance gene-hptII, and
phosphomannose isomerase gene-manA.
Reporter genes encode products that can be visualized when expressed in the
recipient cell. The most routinely used reporter gene in sugarcane transformation is the
uidA gene encoding β-glucuronidase that catalyzes the formation of glucuronic acid,
which can be visualized after GUS staining. It has been used for the optimization of
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transformation parameters and in the relative comparison of promoter strengths. Other
reporter genes include the green fluorescent protein encoding gene-gfp and the
luciferase gene-luc, both of which produce fluorescent signal when excited with light.
Several promoters for driving transgene expression in sugarcane are available,
most routinely used being, Zea mays Ubiquitin promoter (Ubi-1), rice actin promoter
(ActI), Emu35S and Cauliflower Mosaic Virus constitutive promoter (35SCaMV).
Several traits of agronomic and industrial importance have been introduced into
sugarcane, such as herbicide resistance (Enriquez-Obregon et al. 1998; Falco et al.
2000; Gallo-Meagher and Irvine 1996; Leibbrandt and Snyman 2003; Manikasavagam
et al. 2004), insect resistance (Bt gene: Arencibia et al. 1997; Weng et al. 2006;
Galanthus nivialis agglutenin: Setamou et al. 2002; Zhangsun et al. 2007), disease
resistance (Gilbert et al. 2005; Ingelbrecht et al. 1999; Joyce et al. 1998) and resistance
to drought (Molinari et al. 2007; Zhang et al. 2006).
To further improve sugarcane as a biofuel crop, modification of cell wall
composition of lignocellulosic biomass is an important area for biotechnological
research (Ranalli and Candilo 2007). Additionally, transgenic sugarcane with
modification of plant architecture, and genes which potentially improve water or nitrogen
use efficiency, are being tested under field conditions (OGTR 2007). Production of cell
wall degrading enzymes (Harrison et al. 2011), phytoceuticals (Wang et al. 2005),
modification of source sink relationship (Hamerli and Birch 2010; Wu and Birch 2007)
and production of biopolymers (McQualter et al. 2005; Petrasovits et al. 2007) have
been reported and may add value to sugarcane (Table 1-2).
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Sugarcane genome sequencing will likely be completed soon, providing additional
information for characterization of genes contributing to developmental or physiological
responses (Molinari et al. 2007). Additional information about genome organization
(Manners and Casu 2011), regulatory elements (Mann et al. 2011) and tissue-specific
promoters (Govender 2008) will advance the development of a more targeted approach
for the genetic engineering of sugarcane.
Somaclonal Variation in Sugarcane
The term ‘somaclonal variation’ was coined by Larkin and Scowcroft (1981).
Kaeppler et al. (2000) defined somaclonal variation as ‘genetic and phenotypic variation
among clonally propagated plants of a single donor clone’. Heinz and Mee (1969, 1971)
were among the first to report deviation in both, morphology and somatic chromosome
number in sugarcane plants regenerated from callus or cell suspensions, when
compared to the parental clone. Since then there have been several reports about
somaclonal variation in sugarcane, describing mostly the development of deleterious
phenotypes and in rare cases the use of in vitro techniques for the creation of variation
for traits such as disease resistance (Leal et al. 1996; Oropeza et al. 1995; Singh et al.
2008).
Investigations on the cause of somaclonal variation have indicated that,
chromosome deletions or rearrangements, polyploidization, changes in organellar DNA,
activation of transposons, DNA methylation and in rare cases point mutations are
involved. Development of such mutations in plants regenerated from tissue culture is
known to be influenced by several factors, which include explant source, genotype,
culture medium (type and concentration of growth regulators), period in tissue culture,
and the transformation procedure.
23

Apical meristems are considered the best explants for rapid production of true-totype sugarcane plantlets (Hoy et al. 2003; Lal et al. 2008; Lee 1987; Lourens and Martin
1987). Embryogenesis following a callus phase has been found to reduce the
agronomic performance of in vitro propagated plants in contrast to direct
organogenesis. The stalk diameter of plants regenerated from immature-leaf derived
callus was reduced, in contrast to plants developed from direct-regeneration of apicalmeristems, or bud explants (Hoy et al. 2003). Although, reduced stalk diameter and
increase in tillering frequency of first-generation plants developed from callus has been
reported, some of these aberrant phenotypes revert to wild-type phenotype in the
subsequent planting generations (Bailey and Bechet 1989; Hoy et al. 2003; Lourens
and Martin 1987).
Sugarcane genotypes have been known to influence and contribute to the
development of somaclonal variation. For example, in field trials Hoy et al. (2003)
observed decline in stem diameter and weight of one of the three cultivars derived from
callus cultures. In comparison to clonal progenies derived from callus cultures, H 507209 which was a chromosomal mosaic, produced greater variation in morphological
and isozyme studies (Heinz and Mee 1971). Lorens and Martin (1987) concluded that of
two cultivars, CP 72-356 was more stable in in vitro culture than CP 65-357.
Tissue culture medium consists of mineral or organic nutrients, energy sources,
growth regulators and other supplements that aid the proliferation and growth of cells.
However, components of medium such as growth regulators and, antibiotics may induce
mutagenesis. Comparison of Murashige and Skoog (1962) media vs. White (1943)
media by Barba and Nickell (1969) revealed the irreversible loss of regenerability in
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sugarcane cultures when callus was either initiated and maintained for 3 to 4 wks or
transferred to White media from the Murashige and Skoog media. Use of auxins at
elevated concentrations in the tissue culture medium has been reported to produce
polyploids in Haplopappus gracilis callus cultures (Singh 1976). The type and
concentration of auxins used in tissue culture can influence the morphogenic route in
sugarcane. Plants generated by indirect somatic embryogenesis revealed greater
variability in Ac-like transposon insertion profiles when compared with plants from direct
somatic embryogenesis (Suprasanna et al. 2010). Random amplified polymorphic DNA
(RAPD) based polymorphism analysis of direct somatic embryogenesis derived
sugarcane plants revealed no variation (Suprasanna et al. 2007). A transient dosedependent hypermethylation in tobacco cultures was observed when kanamycin,
hygromycin or cefotaxime was included in cell cultures (Schmitt et al. 1997).
Increased tissue culture duration is believed to favor the development of
somaclonal variation. Fitch and Moore (1993) observed the reduction in the number of
regenerating plants in sugarcane callus culture and development of pale shoots with
increased time in tissue culture. A reduction in tissue culture duration may lead to the
reduction of somaclonal variation in regenerating sugarcane (Irvine and Benda 1987;
Burner and Grisham 1995).
Several reports indicate that the development of somaclonal variation in transgenic
plants may be attributed to the transformation process. Vickers et al. (2005) compared
the agronomic performance of transgenic sugarcane plants developed by the biolistic
process with tissue cultured non-transgenic and axillary-bud propagated plants and
reported the lowest yields from transgenic plants. Carmona et al. (2005) studied the

25

development of genetic variation in transgenic plants developed by Agrobacteriummediated transformation using Amplified fragment length polymorphism (AFLP) analysis
and detected limited variation, which likely is a consequence of the tissue culture and
transformation procedure employed. The less than optimal agronomic performance of
transgenic sugarcane yellow-leaf virus (ScYLV) resistant sugarcane plants was
associated with greater genetic distance between the donor cultivar and transgenic lines
analyzed by simple sequence repeat (SSR) markers (Gilbert et al. 2009). Arencibia et
al. (1999) detected minor genetic changes in transgenic insect-resistant plants
generated by electroporation, which they believed was the basis for variation in
morphology, physiology and disease susceptibility.
Recently it has been shown that the use of intact plasmid DNA, containing
bacterial sequences, into recipient cells facilitates the rearrangement of transgenic loci,
affects transgene expression stability and initiates transgene silencing. Stable
expression of transgene in the target genome may be facilitated by the use of minimal
expression cassettes (MC). MCs are obtained when bacterial backbone sequences
from the plasmid DNA are removed by the restriction enzymes that cut at the borders of
the eukaryotic transgene sequence. The use of MCs was first reported in rice by Fu et
al. (2000). Use of minimal cassettes in biolistic transformation has been reported to
facilitate stable gene expression in other plant species as well.
Lower DNA quantity for biolistic gene transfer facilitates the development of
simpler transgene integration pattern (Maize: Lowe et al. 2009; Wheat: Yao et al. 2006)
which may also contributes to the stability of transgene expression (Bentgrass: Jayaraj
et al. 2008; Rice: Thi Loc et al. 2002). Recently, Kim et al. (2011) introduced nptII MCs
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at lower DNA quantity in sugarcane and observed simpler transgene insertion pattern of
the regenerated transgenic plants, but lower transgene expression when 12.5 ng DNA
per shot was used in biolistic transformation experiments.
Objectives
Saccharum spp hybrids are routinely transformed by the biolistic technique (Table
1-2). However, the long tissue culture duration of the contemporary protocols induces
somaclonal variation in regenerated transgenic plants. Use of minimal expression
cassettes at lower quantities in sugarcane may help in developing simpler transgene
integration patterns and support stable transgene expression.
The specific objectives of this research were:


To develop accelerated sugarcane genetic transformation protocols following
biolistic transfer of minimal expression cassettes and direct or indirect somatic
embryogenesis.



To adjust biolistic transformation parameters for optimizing transformation
efficiency.



To compare alternative selective agents for the selectable marker nptII and to
evaluate their effect on selection and transformation efficiency.
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Table 1-1. Tissue culture research in sugarcane.
References

Explant Type/
Target Tissue
Immature leafwhorl explant

Basal
Media
MS

Additional
components
Coconut water
10% (v/v)

Aim of Investigation

Results

Influence of
phytohormones on shoot
induction and rooting of
shoots from callus.

2,4-D (3 mg per L ) induced callus
regenerated shoots when cultured on medium
-1
containing NAA (5 mg per L ). Inclusion of
-1
2,4-D (0.2 mg per L ) hindered shoot
elongation. Rooting could be achieved by
culture in the presence of NAA or trimming of
leafs.

Larkin (1981)

Immature leafwhorl explant

Various

Various

Tissue culture for
initiation, maintenance
and regeneration from
long-term cultures.

Callus induction occurred on CS medium with
-1
2,4-D (3 mg per L ) and kinetin (0.25 mg per
-1
L ). Regeneration occurred on MS medium
-1
-1
with IAA (0.5 mg per L ) and BAP (1 mg L ).
Rooting occurred on MS medium with NAA (5
-1
mg per L ) and sucrose (7% w/v).

Ahloowalia and
Maretzki (1983)

Immature leafwhorl explant
and apical
meristems

MS

Coconut water
10% (v/v)

Effect of growth
regulators on callus
induction and
regeneration from callus
and cell suspensions.

Nodular callus developed 2 weeks after
-1
culture initiation on 2,4-D (3 mg per L ).
Somatic embryos appeared after 10 wk. Shoot
regeneration occurred 2-4 wk after transfer of
callus or cell suspensions to hormone free
media.

Ho and Vasil
(1983)

Immature leafwhorl explant

MS

Coconut water
5% (v/v)

Ontogeny of somatic
embryogenesis and
factors affecting callus
formation.

Higher concentration of 2,4-D (3 mg per L ) is
suitable for the induction of embryogenic
callus. Transfer of callus to lower 2,4-D
-1
concentrations (0.25 to 0.5 mg L ) led to rapid
proliferation of embryoids. Callus formation
occurred from the mesophyll cells in abaxial
side and vascular parenchyma.

Chen et al.
(1988)

Immature leafwhorl explant

Modified
MS

None

Culture conditions for
maintenance or
regenerable callus
cultures

Alternate subcultures in dark on high-low 2,4D concentration with selection of white
compact callus allowed the maintenance of
regenerability of callus culture over 30 months
after callus induction.

Nadar and
Heinz (1977)
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Table 1-1. Continued.
References

Basal
Media
MS

Additional
components
Myo-inositol
-1
(100 mg L ) and
Glycine
-1
(10 mg L )

Aim of Investigation

Results

Fitch and Moore
(1990)

Explant Type/
Target Tissue
Immature leafwhorl explant

Comparison of 2,4-D and
Picloram for selection of
green calli that retain
regenerability for long
culture durations.

Callus induced on 2,4-D (3 mg L ) when
-1
transferred to picloram (0.5 mg L ) and
selected for green calli, retained totipotency
for over 19 months.

Fitch and Moore
(1993)

Immature leafwhorl explant

MS and
Chu's N6

Myo-inositol
-1
(100 mg L ) and
Glycine
-1
(10 mg L )

Maintenance of
regenerability in callus
cultures.

More callus was formed on MS medium
-1
containing 2,4-D (3 mg L ) however calli
retained regenerability longer when cultured
subsequently on N6 medium. Inclusion of
kinetin or coconut water impaired
embryogenic response.

Brisibe et al.
(1994)

Immature leafwhorl explant

Various

Casein
hydrolysate
-1
(1 g L )

Effect of growth
regulators, media type
and strength, and sugar
source on callus
induction and,
maintenance of longterm regenerability.

Best callus proliferation occurred on N6
medium supplemented with dicamba
-1
(6.6 mg L ). Long term embryogenic
competence was maintained when calli were
alternately cultured at weekly intervals with
-1
ABA (2.64 mg L ) or sorbitol (5%) and
dicamba. Embryogenic response improved
with the inclusion of maltose or corn syrup
(6%).

Gallo-Meagher
et al. (2000)

Immature
inflorescence
derived callus

Modified
MS

None

Effect of cytokinin
combination on
regeneration from callus.

Sugarcane callus induced on 2,4-D (3 mg L )
produces most shoots with thidiazuron
-1
(0.22 mg L ).

Chengalrayan
and GalloMeagher (2001)

Immature leafwhorl explant
derived callus

Modified
MS

None

Effect of growth
regulators on
regeneration from callus.

Thidiazuron (0.55 mg L ) produced greatest
number of shoots, with lowest frequency of
elongated shoots.

Desai et al.
(2004)

Immature
inflorescence

MS

Glutamine
-1
(0.1 g L )

Induction of direct
somatic embryogenesis
and regeneration.

Medium containing kinetin (2.5 mg L ) and 1-1
napthaleneacetic acid (0.5 mg L ) produced
somatic embryos within 4 weeks of culture,
which germinated on hormone free medium 1
wk after transfer.
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Table 1-1. Continued.
References

Basal
Media
Modified
MS

Additional
components
None

Aim of Investigation

Results

Chengalrayan et
al. (2005)

Explant Type/
Target Tissue
Sugarcane
seeds

Effect of growth
regulators on seed
germination, callus
formation and
regeneration from callus.

Thidiazuron (10 mg L ) significantly improved
-1
seed germination. Picloram (1 mg L )
produced greatest amount of callus as
-1
compared to 2,4-D (1, 3, 5 or 10 mg L ).
Highest number of shoot regeneration from
callus developed on media containing
-1
-1
picloram (1 or 3 mg L ) or 2,4-D (3 mg L ).

Franklin et al.
(2006)

Immature leaf
midrib explant

MS

None

Effect of auxin
pretreatment on
regeneration frequency
from midrib sections.

Transfer of midrib explants to medium
-1
containing 6-BAP (1 mg L ) and NAA
-1
(0.1 mg L ) 8 d after culture with 2,4-D
-1
(3 mg L ) resulted in highest regeneration
frequency from direct somatic embryos.

Lakshmanan et
al. (2006)

Immature leafwhorl explant

MS

None

Factors affecting somatic
embryogenesis and
regeneration frequency.

Induction of somatic embryos is enhanced
when 1-2 mm thick explant sections, obtained
from region closest to stem node, are cultured
with distal face in contact with medium.
Culture of explants on medium containing
-1
-1
NAA (1.86 mg L ) and 6-BAP (1 mg L )
induced direct regeneration.

Garcia et al.
(2007)

Shoot apices of
in vitro
propagated
plants

Modified
MS

Various

Influence of auxins and
light on induction of
morphogenic pathway

-1

Incubation of cultures with high concentrations
of 2,4-D or Picloram under light produced
organogenic callus and did not produce later
stages of proembryo development in contrast
to cultures incubated in dark. Cultures with
NAA under low light produced direct shoot
organogenesis. Desiccation of calli resulted in
improvement of regeneration efficiency.
2,4-D= 2,4-dichlorophenoxyacetic acid; ABA= Abscisic acid; BAP= 6-benzyladenine; IAA= Indole-3-acetic acid; Kinetin= 6-furfurylaminopurine;
MS= Murashige and Skoog (1962) medium; NAA= 1-napthaleneacetic acid; Picloram= 4-amino-3,5,6-trichloropicolinic acid; Thidiazuron= 1phenyl-3-(1,2,3-thidiazol-5-yl) urea.
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Table 1-2. Reports of genetic transformation in sugarcane
References

Selectable Marker/
Selection
Polyethylene glycol-induced direct DNA uptake
aph(3') II on
Chen et al. (1987)
Protoplasts
linearized pABD1
plasmid / Kanamycin
-1
(80 mg L )
Electroporation
Rathus and Birch
(1992)

Target Tissue

Gene of interest

Transformation
efficiency

None

8 in 10
protoplasts

60% of protoplasts survived PEG
procedure. No plants were
regenerated.

7

Results

Protoplasts

nptII on supercoiled
plasmid / Kanamycin
-1
(100 mg L )

None

0.01 to 1%
(micro calli per
treated
protoplasts)

5 to 7 pulses of 385 V/cm EFS led to
highest transient expression. One out
of all lines displayed detectable GUS
expression. No plants were
regenerated.

Choudhury and Vasil
(1992)

Protoplasts

bar and βglucuronidase (GUS)
reporter gene on
pBARGUS plasmid /
-1
basta (30 mg L )

None

One colony per
plate

Selection was started 48 h after
electroporation.

Rathus et al. (1993)

Protoplasts

None

None

Not reported

Nopaline synthase and 35S CaMV
promoters are of equal strength. 35S
CaMV expression strength can be
enhanced by the inclusion of OCS
enhancer upstream of it. Double
stacking of 35S CaMV promoter led to
approximately 2 fold increase in
transient expression.

Arencibia et al
(1995)

Cell suspension

β-glucuronidase
(GUS) reporter gene
/ Visual selection

None

3.3 transgenic
2
plants per cm

Absence of selection led to the
development of chimeric plants. 800
V/cm EFS and 800 µF capacitor
produced maximum number of plants.
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Table 1-2. Continued.
References

Target Tissue

Arencibia et al.
(1997)

Cell suspension

Russow et al. (2010)

Cell
suspensions

Biolistic transformation
Franks and Birch
Cell suspension
(1991)
and
embryogenic
callus

Selectable Marker/
Selection
β-glucuronidase
(GUS) reporter
gene / Visual
selection

Gene of interest

Transformation
efficiency
15.2% of all
electroporated
clusters.

Results

Not reported

Antisense neutral
invertase

Not reported

Reduction of neutral invertase activity
in transgenic plants may have led to
the increase in sucrose synthase
activity and the reduction of sucrose
diversion to respiratory processes in
the culm.

β-glucuronidase
(GUS) reporter
gene

None

Not reported

Transient expression of GUS was
higher with the EmuGN promoter as
compared to 35S promoter. Size of
GUS expressing locus increased with
time.

cryIA(B)

CryIA(B) expression was low but
effective in reducing sugarcane stem
borer damage.

Choudhury and Vasil
(1992)

Cell suspension

bar and βglucuronidase (GUS)
reporter gene on
pBARGUS plasmid /
-1
basta (1 mg L )

None

1 microcallus in
four bombarded
filters

Highest transient expression was
recorded with cell suspensions 3 d
after subcluture.

Bower and Birch
(1992)

Embryogenic
callus

nptII and βglucuronidase (GUS)
reporter gene on
pEmuGN and
pEmuKN plasmids /
-1
Geneticin (25 mg L )

None

1 to 3 transgenic
plants per
treated plate

Geneticin is more suitable than
kanamycin for selection of transformed
calli. Biolistic gene delivery to calli
twice greatly improves transient
expression of GUS. Transgenic plants
were regenerated 20 to 30 wk after
start of cultures from calli bombarded
twice.
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Table 1-2. Continued.
Selectable Marker /
Selection
None

Gene of interest

Meristematic
tissues of in
vitro propagated
sugarcane
plants
Embryogenic
callus

References

Target Tissue

Gallo-Meagher and
Irvine (1993)

Immature leafwhorl segments

Gambley et al.
(1994)

Bower et al. (1996)

Results

None

Transformation
efficiency
Not reported

luc / visible selection

None

Not reported

Inclusion of BAP (0.5 mg L ) in the
induction and recovery medium
increased the transformation efficiency
by recovery of more transgenic shoots.

Maize anthocyanin
regulatory elements
(ANT) R and Cl

None

Not reported

Transient expression of ANT could be
seen as early as 8 h which intensified
till 48 h. No transgenic plants greater
than 3 cm survived.

uidA / GUS staining
and visible selection

None

Not reported

Transient expression improved with
osmotic treatment of calli on media
containing 0.2 M mannitol and 0.2 M
sorbitol, 4 h before and 4 h after
biolistic gene delivery.

luc / visible selection

None

1.4 transgenic
plants per shot

Expression analysis done 8 d after
gene delivery. Fluorescence intensity
was measured using a CCD camera.

aphA / Geneticin
-1
(45 mg L )

luc

19.8 transgenic
plants per shot

Selection started 4 d after biolistic gene
delivery. No escapes observed. Cotransformation efficiency of > 90% and
co-expression efficiencies of 67-79%.

bar /
Phosphinothricin
-1
(10-80 mg L )

None

Not reported

Two putative transgenic callus lines
developed that failed to regenerate
plants.
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The order of promoter strength was
maize Ubi-1> Emu > rice Actl >
35SCaMV. Younger leaves cultured for
3-6 d, and bombarded on proximal
surface produced highest number of
GUS foci.
-1

Table 1-2. Continued.
References

Target Tissue

Gallo-Meagher and
Irvine (1996)

Embryogenic
callus

Ingelbrecht et al.
(1999)

Embryogenic
callus

Selectable Marker/
Selection
bar / Bialaphos
-1
(1 mg L )

Gene of interest

Results

bar

Transformation
efficiency
2.59 to 2.61
transgenic
plants per shot

bar / Bialaphos
-1
(1 mg L )
nptII / Geneticin
-1
(15 mg L )

SrMV-SCH CP

Not reported

SrMV-SCH CP

Not reported

Untranslatable coat protein RNA from
the transgene leads to posttranscriptional gene silencing, resulting
in resistance to sugarcane mosaic
virus in transgenic plants.

Rooting was induced on medium
-1
containing 3 mg L bialaphos. 47% of
transgenic plants developed normal
roots. 41% of regenerated plants were
escapes. Clonally propagated
transgenic plants displayed stable bar
expression.

Falco et al. (2000)

Embryogenic
callus

neo on pHA9
plasmid and bar on
pAHC20 plasmid /
-1
Geneticin (30 mg L )

bar

1 plant per shot

More than 90% of plants integrated
both the genes. Only 3% of the plants
were designated escapes. Expression
of neo gene was confirmed by
kanamycin application to leafs.
Screening for bar integration was done
by the spraying of ammonium
2
gluphosinate (60 mg per m )

Pompermayer et al.
(2003)

Embryogenic
callus

nptII / Geneticin
-1
(30 mg L )

cDNA of Soybean
Kunitz trypsin
inhibitor

Not reported

nptII / Geneticin
-1
(30 mg L )

cDNA of Soybean
Bowman–Birk
inhibitor

Not reported

Feeding neonate larvae of Diatraea
saccharalis with transgenic tissue
reduced their growth, but was not
sufficient for preventing 'dead heart'
symptoms in green house trials.

nptII / Geneticin
-1
(60 mg L )

Untranslatable
FDV segment 9
ORF 1

Not reported

McQualter et al.
(2004)

Embryogenic
callus
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One out of 64 transgenic plants
developed displayed resistance to Fiji
Disease Virus.

Table 1-2. Continued.
References

Target Tissue

Selectable Marker/
Selection
nptII / Geneticin
-1
(100 mg L )
nptII / Geneticin
-1
(70 mg L )

Gene of interest

Transformation
efficiency
0.68 plants per
shot
8.0 plants per
shot

Results

Wang et al. (2005)

Embryogenic
callus

Immature leafwhorl cross
sections

nptII / Geneticin
-1
(45 mg L )

CP4

0.05 plants per
shot

Optimum time for biolistic gene delivery
to direct somatic embryogenesis
explants is 7 d after culture initiation.

Immature leafwhorl cross
sections with
inflorescence

nptII / Geneticin
-1
(45 mg L )

CP4

1.2 plants per
shot

Jain et al. (2007)

Embryogenic
callus

manA / Mannose
-1
(3 g L )

Untranslatable
SRMV strain E
coat protein

Not reported

Mannose at 1.5 g L allows permissive
-1
growth; Selection at 3 g L reduces
escape rate and improves
transformation efficiency.

Molinari et al. (2007)

Embryogenic
callus

bar / Glufosinate
-1
ammonium (5 mg L )

Heterologous
P5CS gene

Not reported

By day 9 of drought, transgenic plants
displayed 2.5 times proline content
than wild-type. By the end of water
deficit period transgenic plants had
65% higher photochemical efficiency.

Petrasovits et al.
(2007)

Embryogenic
callus

nptII / Geneticin
-1
(45 mg L )

Ralstonia
eutropha PHAA,
PHAB and PHAC

Not reported

Polyhydroxybutyrate accumulated to
1.88% of dry wt. in plastidic lines
without obvious deleterious effects to
the plant.

Snyman et al. (2006)

hGM-CSF
hGM-CSF
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hGM-CSF protein accumulation
required endoplasmic reticulum
retention tag. Transgenic hGM-CSF
from sugarcane displayed similar
activities as from native source.
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Table 1-2. Continued.
References

Target Tissue

Gene of interest

Embryogenic
callus

Selectable Marker/
Selection
nptII / Paromomycin
-1
(150 mg L )

Transformation
efficiency
Not reported

Results

Chong et al. (2007)

Wu and Birch (2007)

Embryogenic
callus

nptII / Geneticin
-1
(45 mg L )

Pantoea dispersa
sucrose
isomerase gene

Not reported

nptII / Geneticin

Antisense or
untranslatable
forms of PFP-β

Not reported

SI gene with vacuolar targeting led
upto double total sugar content
accumulation in harvested juice without
affecting the sored sucrose content.
Sucrose concentration in immature
tissues of transgenic plants was
increased than WT plants.

Groenwald and
Botha (2008)

Embryogenic
callus

Christy et al. (2009)

Embryogenic
callus

hptII / Hygromycin
-1
(30 mg L )

Aprotinin

10 plants per
100 calli
bombarded

Higher aprotinin expression in
transgenic plants was correlated with
reduced weight of borer larvae.

Basnayake et al.
(2011)

Embryogenic
callus

nptII / Geneticin
-1
(45 mg L )

Pantoea dispersa
sucrose
isomerase gene

Not reported

Mature stems of transgenic sugarcane
accumulated isomaltulose up to 33% of
total sugars. Total sugar yield was
unaffected. Transgenic plants after a
few cycles of propagation did not
display any adverse phenotypes.

Harrison et al.
(2011)

Embryogenic
callus

nptII / Geneticin
-1
(45 mg L )

Fungal CBHI,
CBHII and
bacterial EG

Not reported

Maximum accumulation of CBHs and
EG was facilitated by vacuolar sorting
and ER retention signal fusions
respectively.

Malus domestica
mds6pdh and
Zymomonas
mobilis zmglk
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Transgenic lines producing sorbitol
accumulated 30-40% less above
ground biomass and displayed 10-30%
reduced height as compared to WT
plants.

Table 1-2. Continued
References

Target Tissue

Agrobacterium-mediated
Elliot et al. (1998)
Embryogenic
callus

Selectable Marker/
Selection

Gene of interest

Transformation
efficiency

Results

sgfpS65T and bar/
early visual
screening followed
by Phosphinothricin
-1
(1 mg L ) treatment
of selected calli.

bar

5.3% of calli
treated (based
on GFP
screening).

Visual screening was done 6 weeks
after cocultivation. Silencing of visual
marker under the control of 35S
promoter suggested it is unsuitable for
transgene expression. Timentin is
effective in controlling bacterial
overgrowth.

Manickavasagam et
al. (2004)

Axillary buds

nptII, bar and βglucuronidase (GUS)
reporter gene /
-1
Geneticin (50 mg L )
or Phosphinothricin
-1
(5 mg L )
respectively.

bar

49.6% of the
treated explants.

Cocultivation of explants beyond 3
days adversely affected transformation
efficiency. Five subcultures with
selection led to the reduction of
chimeric plants to 0.6%. Agrobacterium
strain EHA105 and LBA4404 resulted
in similar transformation efficiency.

Wang et al. (2005)

Embryogenic
callus

bar /
Phosphinothricin
-1
(0.75 mg L )

Grifola frondosa
trehalose
synthase

4.5 plants per
100 cocultivated
calli

Osmotic treatment of transgenic and
wild-type (WT) plants with PEG
delayed chlorosis in transgenic plants
to day 7, by when all WT plants had
wilted and died.

Zhang et al. (2006)

Embryogenic
callus

bar /
Phosphinothricin
-1
(0.75 mg L )

Grifola frondosa
trehalose
synthase

Not reported

Transgenic plants accumulated
trehalose to high levels and displayed
improved productivity under drought
conditions.

Zhangsun et al.
(2007)

Embryogenic
callus

nptII / Geneticin
-1
(30 mg L )

Galanthus nivialis
agglutenin (GNA)

0.8% of
agroinfected
calli

Transgenic plants displayed a
reduction in wooly aphid numbers by
60-80% when compared to the wildtype controls. Order of Agrobacterium
strain efficiency to produce transgenic
plants EHA105 > A281 > LBA4404.
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Table 1-2. Continued
References

Wang et al. (2009)

Target Tissue

Embryogenic
callus

Selectable Marker/
Selection
bar /
Phosphinothricin
-1
(0.75 mg L )

Gene of interest

hptII / Hygromycin
-1
(30 mg L )

Galanthus nivialis
agglutenin (GNA)

nptII / Geneticin
-1
(40 mg L )

ACC oxidase antisense gene

Galanthus nivialis
agglutenin (GNA)

Transformation
efficiency
2.0% of
agroinfected
calli

Results

2.4% of
agroinfected
calli

10.5 plants per
Transgenic plants displayed reduced
100 cocultivated stature and growth.
calli
35S CaMV= 35S cauliflower mosaic virus promoter; ACC oxidase= 1-aminocyclopropane carboxylic acid oxidase gene; aph(3’)II= aminoglycoside
3'-phosphotransferaseII gene; 6-BAP= 6-benzyladenine; bar= phosphinothricin acetyl transferase encoding enzyme; CCD= charge coupled
device; cryIA(B)= Bacillus thuringiensis delta-endotoxin encoding gene; CBHII= cellobiohydrolaseII gene; CP4= 5-enolpyruvoyl-shikimate-3phosphate synthetase gene from Agrobacterium strain CP4; EG= endoglucanase gene; FDV segment 9 ORF 1= Fiji Disease virus segment 9
open reading frame 1; EFS= electric field strength; GUS= beta-glucuronidase histochemical staining; hGM-CSF= Human granulocyte-macrophage
colony-stimulating factor; luc= firefly luciferase gene; manA= phosphomannose isomerase gene; mds6pdh= sorbitol-6-phosphate dehydrogenase
gene; nptII= neomycin phosphotransferaseII gene; P5CS= pyrroline-5-carboxylate synthetase gene; PEG= polyethylene glycol; PHAA=
Polyhydroxyalkanoic acid synthaseA; PHAB= Polyhydroxyalkanoic acid synthaseB; PHAC= Polyhydroxyalkanoic acid synthaseC; sgfpS65T=
synthetic green fluorescent protein gene; SrMV-SCH CP= sorghum mosaic potyvirus strain SCH coat protein gene; SRMV= sorghum mosaic
potyvirus; zmglk= Zymomonas mobilis glucokinase gene.
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CHAPTER 2
RAPID PRODUCTION OF TRANSGENIC SUGARCANE WITH THE INTRODUCTION
OF SIMPLE LOCI FOLLOWING BIOLISTIC TRANSFER OF MINIMAL EXPRESSION
CASSETTES AND DIRECT EMBRYOGENESIS 
Rationale for Biolistic Transformation of Sugarcane Immature Leaf Cross-section
Explants Following Direct Somatic Embryogenesis
Sugarcane (Saccharum officinarum) is g rown worldwide on over 23.7 million
hectares generating 1.66 billion tons of harvested cane (FAO 2009). Cultivated
sugarcane is a highly polyploid and aneuploid species (Simmonds 1976), making
sugarcane improvement through breeding a challenging task. Breeding programs have
been able to improve sugarcane yield and disease resistance through interspecific
hybridization and back crossing (Liu et al. 1984) but development of improved cultivars
requires on an average 12 to 15 years (Butterfield and Thomas 1996).
Sugarcane is one of the most photosynthetically efficient C4 plants (Alexander
1973) and is an important biofuel feedstock due to its ability to accumulate high
quantities of biomass and sucrose. Further improvement of sugarcane as feedstock for
fuels and chemicals will greatly benefit from genetic transformation of this crop. Under
most field conditions sugarcane does not produce viable pollen or seed and thus
provides a high level of transgene containment.
Biolistic gene transfer is the most frequently used method for sugarcane
transformation (Altpeter and Oraby 2010). In contrast to Agrobacterium-mediated
transformation, biolistic gene transfer facilitates co-transfer of multiple unlinked
transgenes and is less genotype dependent (Altpeter et al. 2005). Several traits have
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been successfully introduced in sugarcane using biolistic transformation (Altpeter and
Oraby 2010) but compared to other important crops, sugarcane biotechnology lags
behind.
Sugarcane biolistic transformation has typically been achieved using indirect
somatic embryogenesis (ISE) (Bower and Birch 1992; Gallo-Meagher and Irvine 1996).
Improvement of sugarcane transformation should target the development of an
improved tissue culture system for production of regenerable target tissues and the
optimization of gene transfer and selection protocols. An extended tissue culture period
is required for the standard sugarcane transformation protocol, in which embryogenic
callus is the target tissue for gene transfer. Consequently, these protocols may promote
development of somaclonal variation and less than optimal performance of many of the
regenerated transgenic plants has been reported (Arencibia et al. 1999; Gilbert et al.
2005, 2009; Vickers et al. 2005). Direct somatic embryogenesis (DSE) (Desai et al.
2004; Snyman et al. 2006; Van Der Vyver 2010) from explants such as immature
inflorescence, immature leaf whorl cross-sections containing immature inflorescence
and immature leaf whorl cross-sections have also been reported following biolistic gene
transfer, but convincing molecular evidence for the transgenic nature of the regenerated
plants was not provided and whole plasmids were used for gene transfer.
Our study utilized a minimal expression cassette (MC) which is a linear DNA
fragment that contains the regulatory and coding regions of the transgene and no vector
backbone. Studies in rice which compared the use of MCs with plasmids for biolistic
transformation indicated that transgenic plants generated using MCs have a simpler
gene integration pattern (Fu et al. 2000; Breitler et al. 2002). This may be because of
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the absence of prokaryotic backbone sequences which can contribute to DNA
recombination (Kohli et al. 1999). Earlier studies suggest that bacterial sequences may
induce methylation at the transgene loci, causing transcriptional gene silencing (Clark et
al. 1997; Jakowitsch et al. 1999). Alternately, recombination in the backbone sequences
prior to integration may result in concatameric loci capable of being transcribed into
double stranded RNA, leading to post-transcriptional gene silencing (Plasterk and
Ketting 2000; Hammond et al. 2001). In addition, prokaryotic vector backbone
sequences in transgenic organisms may negatively impact regulatory approval (Zhao et
al. 2007).
CP 88-1762 is a preferred sugarcane cultivar in Florida, covering more than 20%
(Rice et. al. 2009) of the total sugarcane production area in the state. It is a fast growing
cultivar with high tonnage and has higher than average sugar content (Schueneman et
al. 2008). In this report, we describe a rapid genetic transformation protocol for this
commercially important cultivar employing biolistic gene transfer of a MC followed by
DSE.
Materials and Methods
Media Composition
Modified Murashige and Skoog (1962) medium (Chengalrayan and GalloMeagher 2001), containing 2% sucrose, p-chlorophenoxyacetic acid (C, 1.86 mg L-1), 1napthaleneacetic acid (N, 1.86 mg L-1) and 6-benzylaminopurine (B, 0.09 mg L-1) and
0.6% agarose (Sigma-Aldrich®, St. Louis, MO) was prepared with deionized and distilled
water and the pH adjusted to 5.8 prior to autoclaving at 121°C and 15 psi for 20 min.
Culture initiation media contained C+N+B, regeneration medium contained N+B and
rooting medium contained no phytohormones. Gamborg vitamins (Gamborg et al. 1968)
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and the selection agent geneticin sulfate (PhytoTechnology Laboratories ®, Overland
Park, USA) were added to media post autoclave as filter sterilized and concentrated
(1000ˣ) solutions. Selection media had a final concentration of 30 mg L-1 geneticin
sulfate.
Explant Preparation and Culture Initiation
Tops of sugarcane cultivar CP-88-1762 were collected from the Everglades
Research and Education Center, University of Florida, Belle Glade, Florida during the
early grand growth phase when six to eight above ground nodes were visible. The
outermost leaves were wiped with 70% ethanol prior to being stripped under aseptic
conditions. Immature leaf whorl cross-sections of approximately 2 mm thickness were
cut under aseptic conditions with a scalpel from the 1 to 10 cm region above the apical
node. Cross-sections were placed on initiation culture medium and incubated under 30
µmol m-2 s-1 light intensity with a 16:8 h (light: dark) photoperiod at 28°C. On day 7 after
culture initiation, tissues were subcultured to select the most responsive explants and to
select contamination-free cultures for the gene transfer.
Preparation of the Minimal Expression Cassette (MC)
pHZ35S::nptII (Agharkar et al. 2007) was restriction digested using AlwNI and
NotI and the fragment corresponding to 2,562 bp was gel-eluted with QIAquick® Gel
Extraction Kit (Qiagen Inc., Valencia, CA) to obtain a MC, and then it was quantified
using a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific Inc.,
Wilmington, DE).
Biolistic Transformation
Leaf disks were placed on medium containing all of the constituents of C+N+B
medium in addition to 0.4 M sorbitol, 4 h before gene transfer. The nptII gene MC (200
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ng) was precipitated onto 1.8 mg gold particles (1.0 µm diameter from Analytical
Scientific Industries, El Sobrante, CA) following a previously described protocol (Altpeter
and Sandhu 2010). MC-coated gold particles (10 ng per shot) were accelerated toward
leaf whorl cross-sections using the Biolistic PDS-1000/He® apparatus (Bio-Rad®,
Hercules CA) 10 d after culture initiation. Parameters for transformation were 1100 psi
rupture disks, chamber vacuum at 26.5 mmHg and a shelf distance of 6 cm (from
macrocarrier assembly). Transformation efficiency has been calculated by dividing
number of plants generated by the total number of shots performed. For each shot,
explants covered the area of a circle with 2.5 cm diameter (Fig. 2-1A).
Culture, Selection, Regeneration and Rooting of Plants
After biolistic gene transfer, leaf whorl cross-sections were transferred to C+N+B
medium and cultured for 4 d before the start of selection. Before selection explants were
separated into 1 – 2 cm segments. Selection was carried out using 30 mg L-1 geneticin
sulfate (PhytoTechnology Laboratories® L.L.C., Overland Park, USA) which was
maintained until rooted plants were obtained. Sub-culturing was done at a 10 day
intervals (Fig. 2-3). Following two cycles of selection on C+N+B medium, cultures were
transferred to N+B medium under 100 µmol m-2 s-1 light intensity with a 16h:8h (light:
dark) photoperiod at 28°C. By the end of the selection period on N+B media, small
shoots, approximately 0.5 cm in length were observed (Fig. 2-1B). Leaf segments with
small shoots were transferred to selection medium without phytohormones to enhance
rooting and to select plants that formed roots in the presence of 30 mg L-1 geneticin
sulfate (Fig. 2-1D). Roots of plantlets were washed with deionized water and dipped into
a commercial root promoting powder (RooTing, Valent BioSciences Corporation,
Libertyville, IL) before being transferred to a professional soil mix Fafard® #2 (Conrad
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Fafard®, Inc., Apopka, FL). The plants were grown in an air-conditioned greenhouse
under natural photoperiod at 28°C during daytime and 22°C at night.
Neomycin phosphotransferaseII-Enzyme Linked Immunosorbent Assay
Evaluation of nptII expression was carried out with a commercially available ELISA
kit (Agdia Inc., Elkhart, IN). Two vegetatively propagated progeny plants per line (Fig 21F) were obtained from nodal cuttings of the T0 culm (Fig 2-1E). Protein was extracted
from the youngest fully expanded leaf in two biological replications. Prior to loading, all
protein samples were quantified by Bradford assay using Coomassie Plus™ Protein
Assay reagent (Thermo Fisher Scientific Inc., Rockfort, IL) and bovine serum albumin
as a standard. ELISA was performed with 20 µg of total soluble protein of transgenic or
non-transgenic plants per well in comparison to NPTII standard (Fig. 2-1G). Qualitative
evaluation of NPTII expression was performed with the VersaMax™ PLUS ROM v1.21
ELISA plate reader (Molecular Devices®, Sunnyvale, CA) measuring absorbance at 450
nm.
Southern Blot Analysis
Total genomic DNA was extracted from leaf tissue following a modified CTAB
protocol (Porebski et al. 1997). DNA (30 µg) was digested with BamHI (New England
Biolabs®, Ipswich, MA) and electrophoresed on agarose gel (agarose 1% w/v; TBE
0.5×) and blotted onto Hybond™-N+ membrane (Amersham Biosciences, Piscataway,
NJ) following the manufacturer’s directions. A 796 bp PCR product spanning the nptII
open reading frame was amplified using forward primer 5'GGAGAGGCTATTCGGCTATGACTG-3' and reverse primer 5'ATCGGGAGCGGCGATACCGTAAAG-3' (PCR conditions denaturation 95°C 30 s,
annealing 61°C 30 s, extension 72°C 90 s), and then radiolabelled as probe using [α44
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P] dCTP 800 mCi/mM (Perkin Elmer Inc, Waltham MA) with a Prime-a-Gene® random

labeling kit (Promega® Inc., Madison, WI). Pre-hybridization and hybridization reactions
were performed as described earlier by Jeffreys and Flavell (1977) and Van Rijs et al.
(1985). Following hybridization, the membrane was rinsed once in 0.1× SSC and 0.1%
SDS for 30 s, followed by two washes with 50 mL of 0.1× SSC and 0.1% SDS at 65°C
for 20 min each. Hybridization signals were visualized by autoradiography on X-ray film
following two days exposure to the membrane at -80°C.
Results
Tissue Culture and Selection
Immature leaf cross-sections at the time of culture initiation were pale to light
yellow in color and turned green within 7 days of incubation in light. By day 10, cell
proliferation was observed on the cut surface of responsive leaf disks. Cell proliferation
at the cut surface was observed in 68% of the cultured leaf-whorl cross-sections.
Tissues with this response were used as target for biolistic transformation 10 d after
culture initiation (Fig. 2-1A). The use of C+N+B medium, promoted the initiation of
DSE. First embryos were observed 14 to 21 d after culture initiation (Fig. 2-1B). With the
start of selection, leaf disks turned dark brown and the majority of embryos and proembryos became necrotic and eventually died. Geneticin-resistant embryos gave rise to
plantlets (Fig. 2-1C) or secondary embryos. Continuing selection during the
regeneration process was necessary to suppress escapes. Embryos were regenerated
into shoots (Fig. 2-1C) at the end of the second selection cycle by transfer to selection
medium containing N+B at a light intensity of 100 µmol m-2 s-1. By the end of the fifth
selection cycle, shoots were detached from leaf segments. The use of DSE resulted in
the development of rooted transgenic plants (Fig. 2-1D) which were transferred to soil in
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< 3 months (Fig. 2-2). Transgenic plants were grown in the greenhouse (Fig. 2-1E) to
maturity and vegetative progeny plants (Fig. 2-1F) were produced from cuttings of
mature node segments.
Characterization of the Transgenic Plants and their Vegetative Progeny
Eight independent transgenic plants were produced following 14 shots. Southern
blot analysis confirmed the stable integration of the nptII MC (Fig. 2-3A) into the
sugarcane genome and the independent nature of the transgenic plants (Fig 2-3B) with
1 to 5 hybridization products. Among the eight regenerated lines, two displayed single
hybridization products of low intensity (line 5 and 7, Fig. 2-2) likely representing single
copy insert. None of the hybridization products were smaller in size than the theoretical
minimum of 1,022-bp for an intact MC (Fig. 2-3A). The T0 plants grew vigorously and
did not show phenotypic differences to non-transgenic sugarcane. ELISA of the
transgenic progeny plants for NPTII revealed that seven of the eight transgenic lines
displayed detectable levels of NPTII ranging from 0.020 ng NPTII per µg protein to
0.106 ng NPTII /µg protein (Table 2-1).
Discussion
We describe a biolistic transformation procedure for a commercially important
sugarcane cultivar (CP 88-1762) which prevents the integration of vector backbone
sequences into the sugarcane genome through use of a minimal expression cassette
(MC). Leaf whorl cross-sections were used after a 10-d pre-culture time as target for
gene transfer. This protocol allows the rapid recovery of transgenic plants with simple
transgene integration patterns including single-copy events with stable transgene
expression in vegetative progeny.
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Irvine and Benda (1987) and Burner and Grisham (1995) reported that rapid
regeneration form leaf whorl cross-sections of sugarcane was beneficial for reduction of
somaclonal variation. Hoy et al. (2003) observed no difference in the agronomic
performance of plants derived from leaf whorl cross-sections, buds or meristems.
However, plants derived from callus showed reduced stem diameter and increased
tillering. Recent marker-based evaluation of sugarcane plants regenerated through DSE
for clonal multiplication has validated that DSE causes minimal to no somaclonal
variation (Suprasanna et al. 2007). In contrast, transposition and transcriptional
activation of retrotransposons and DNA based transposons has been reported in callus
cultures of sugarcane (de Araujo et al. 2005). Indirect somatic embryogenesis (ISE)
offers a greater chance for the movement of Ac-like transposable elements, whereas no
polymorphism for Ac-like transposable elements were detected in DSE generated plants
(Suprasanna 2010). This may explain why the standard sugarcane transformation
protocol involving callus as target for gene transfer (Bower and Birch 1992; GalloMeagher and Irvine 1996) frequently results in transgenic plants with less than optimal
performance (Arencibia et al. 1999; Gilbert et al. 2005, 2009; Vickers et al. 2005). The
use of backcrossing to eliminate somaclonal effects is successful with sexually
propagated crops (Bregitzer et al. 2008). However, backcrossing sugarcane is not
feasible due to the complex polyploid genome. Reducing the tissue culture period
during the establishment of target tissues, rapid selection and regeneration of
accelerates the production of transgenic plants; also, it will likely minimize somaclonal
variation and may therefore improve the performance of the transgenic plants as
described for several monocots including wheat (Altpeter et al. 1996), rice (Toki 1997),
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barley (Kihara et al. 1998), ryegrass (Altpeter et al. 2000), bermudagrass and bentgrass
(Wang and Ge 2005). We were able to generate rooted transgenic plants in soil within
12 wk; this is considerably less in comparison to 36 wk required for conventional
protocols employing ISE (Bower et al. 1996; Birch 1997; Snyman et al. 2000) and
earlier reported DSE techniques requiring 18-20 wk (Snyman 2006) or 15-18 wk (Van
Der Vyer 2010) from tissue culture initiation to transfer of plants to soil.
Immature leaf whorls are the most abundantly available sugarcane tissue for
initiation of regenerable tissue cultures throughout the growing season. The protocol
described here employs immature leaf whorl cross-sections as target for biolistic gene
transfer and plant regeneration through direct embryogenesis. This protocol allows
transformation to be carried out throughout the year. Earlier DSE protocols favored
inflorescence containing leaf whorl cross-sections (Snyman et al. 2006) or immature
inflorescences (Desai et al. 2004) which are only seasonally available. Adaptation of the
protocol described here to other cultivars will be facilitated by identification of cultivars
with high frequency of direct embryogenesis following culture of immature leaf whorl
cross-sections on C+N+B media. Adjustments of the cytokinin to auxin ratio of the direct
embryogenesis media may be necessary for specific genotypes.
Previous research on the optimum pre-culture time before gene transfer
suggested that 7 d pre-culture of the immature explant supported the highest
transformation efficiency (Snyman et al. 2006; Van Der Vyver 2010). In this study, DNA
transfer was done 10 d after culture initiation with a prior subculture at day 7. A
subculture prior to transformation allowed exclusion of leaf disks that were
contaminated or showed necrosis and no initial cell proliferation at the cut surface.
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Therefore, we did not evaluate shorter pre-culture times and the observed
transformation efficiency of 0.57 transgenic lines per shot is ten times higher than the
0.05 transgenic lines per shot reported earlier (Snyman et al. 2006).
Introduction of large amounts of DNA into plant cells produces high transient
expression but has been known to lower transformation efficiency (Christou and Ford
1995). The use of whole plasmid with the backbone sequences has been associated
with transgene rearrangement which can lead to gene silencing (Kohli et al. 1999).
Complex transgene integration was reported when whole plasmids were used in the
microgram-range for preparing the DNA-coated particles for biolistic gene transfer into
sugarcane callus (Ingelbrecht et al. 1999; Jain et al. 2005; Weng et al. 2011). Those
lines had more than six copies (Weng et al. 2011) and individual lines even more than
15 copies (Ingelbrecht et al. 1999). Using minimal expression cassettes without vector
backbone (MC’) resulted in simple transgene integration in rice (Fu et al. 2000) and
grape (Vidal et al. 2006). Contrasting reports describing complex transgene integration
despite the use of MCs were also published (Breitler et al. 2002; Romano et al. 2003).
For the generation of transgenic plants with simple transgene integration pattern the MC
amount per shot is critical (Sandhu and Altpeter 2008; Lowe 2009). We used 10 ng nptII
MC per shot in transformation resulting in simple integration patterns with the five out of
eight lines having one to three hybridization products and the most complex integration
resulting in five hybridization products. Earlier reports using plasmids for gene transfer
followed by regeneration through direct embryogenesis did not provide convincing
evidence for transgene integration into the sugarcane genome in form of a Southern
blot (Snyman et al. 2006; and Van Der Vyer 2010).
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The development of a rapid genetic transformation protocol for sugarcane that has
reduced the time for developing transgenic plants to 12 wk from the time of initiation of
cultures. For the first time, molecular evidence is provided for transgene integration into
the sugarcane genome following biolistic gene transfer and direct embryogenesis. The
majority of transgenic lines displayed simple transgene integration patterns with one to
three hybridization products in the southern blot. The use of low DNA quantity and
minimal expression cassette might have led to this result. The performance of the
transgenic plants was indistinguishable from wildtype and the transgene was stably
expressed in the vegetative progeny suggesting that this protocol has great potential for
the generation of commercial transgenic sugarcane lines.
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Table 2-1. NPTII protein levels in leaf extracts of vegetative progeny plants from
transgenic sugarcane lines.
Transgenic line
ng NPTII /µg crude protein
Number of Hybridization
a
b
number
(Mean ± SE)
Signals in the Southern blot
1
0.075 ± 0.02
5
2
0.106 ± 0.01
3
3
0.079 ± 0.08
2
4
0.075 ± 0.05
3
5
0.102 ± 0.01
1
6
0.077 ± 0.11
5
7
0.020 ± 0.00
1
8
0.000 ± 0.00
3
a
The plant identification number as listed in the Southern blot figure.
b
Average of two biological replications reported as mean ± standard error.
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Figure 2-1. Transformation of sugarcane and regeneration through direct somatic
embryogenesis. A) Immature leaf whorl cross-sections immediately before
gene transfer, B) Development of direct embryos on immature leaf segments,
C) Shoot regeneration on culture medium with 30 mg L-1geneticin, D) Rooted
plants on culture medium with 30 mg L-1 geneticin, ready to be transferred to
soil, E) Mature transgenic sugarcane plants, F) Vegetative progeny of
transgenic sugarcane. Bars in images A-D represent 1cm.
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Figure 2-2. Flowchart for the rapid sugarcane transformation protocol. The day of
commencement of each step is indicated in the box. DEM= Direct
Embryogenesis Medium containing p-Chlorophenoxyacetic acid (1.86 mg L-1)
+, ERM= Embryo Regeneration Medium containing 1-Napthaleneacetic acid
(1.86 mg L-1) + 6-Benzylaminopurine (0.09 mg L-1).
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Figure 2-3. Southern blot analysis for stable integration of the minimal expression
cassette of nptII. A) To detect integration of the minimal nptII expression
cassette (released from vector backbone by NotI digestion) a 796-bp PCR
product of the open reading frame of nptII was used as a probe. 30 µg of T0
sugarcane genomic DNA was digested with BamHI. B) Southern blot analysis
following restriction digest with BamHI, electrophoresis on 1% agarose gel
and hybridization with a 796-bp probe of the nptII gene. WT: non-transgenic
sugarcane; 1 to 8: independent transgenic sugarcane plants; P: nptII
expression cassette (50 pg) used as a positive control.
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CHAPTER 3
COMPARISON BETWEEN DIRECT AND INDIRECT EMBRYOGENESIS
PROTOCOLS, BIOLISTIC GENE TRANSFER AND SELECTION PARAMETERS FOR
RAPID GENETIC TRANSFORMATION OF SUGARCANE
Rationale for Optimization of Sugarcane Biolistic Transformation
Cultivated sugarcane (Saccharum spp. hybrid) is a tropical crop that is grown on
23.7 million hectares in nearly 90 nations (FAO 2009) and contributes around 70% of
the table sugar. Sugarcane is a C4 plant with one of the highest photosynthetic
efficiencies (Zhang et al. 2007), assimilating nearly 10 to 28 t ha-1 yr-1 of atmospheric
CO2 (Bajay 2011) and capable of storing 0.7 M sucrose in internodes (Moore 1995).
Modern sugarcane has a highly polyploid and aneuploid genome with a somatic
chromosome number ranging from 100 to 130 and a monoploid genome size of ~ 930
Mbp, which is comparable to the size of Sorghum’s haplotype (Grivet and Arruda 2002).
It is predicted that a complete set of homeologous alleles in the polyploid sugarcane
genome may have between 8 to 10 copies. As a result, sugarcane improvement
through traditional breeding methods of sexual hybridization and recurrent back
crossing is a slow process that usually takes 12 to 15 years to release an improved
cultivar (James 2007). Sugarcane improvement is further hampered by the narrow
genetic variability available in the present day clones (Jackson 2005). Nevertheless,
significant improvement in the agronomic traits contributing to yield of sugarcane
cultivars can be attributed to the advancement in breeding and cultural practices.
Introduction of monogenic transgenic traits or entire pathways through genetic
engineering will make significant contributions in sugarcane improvement for both
sucrose production or as bio-based feedstock for fuel and chemicals (Altpeter and
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Oraby 2010; Jakob et al. 2009). Several traits of agronomic and industrial importance
have been introduced in sugarcane (Altpeter and Oraby 2010).
The first successful regeneration of transgenic sugarcane following biolistic gene
transfer was reported by Bower and Birch (1992). Genetic transformation of sugarcane
by electroporation (Arencibia et al. 1992) and Agrobacterium-mediated gene transfer
(Arencibia et al. 1998) were also reported. Of these techniques, biolistic transformation
is most frequently used for sugarcane transformation (Altpeter and Oraby 2010), as it is
highly reproducible, adaptable to new explant types, less genotype dependent and
allows introduction of multiple unlinked minimal expression cassettes (MC) for stacking
of traits (Altpeter et al. 2005).
Genetic transformation of most plant species requires the establishment of
dedifferentiated cell cultures which are capable of regenerating to plants following stable
integration of transgenes into their genome (Vasil and Vasil 1980, 1981). The induction
of explant dedifferentiation can be achieved by the exogenous application of auxins and
cytokinins (Lakshmanan et al. 2006; Garcia et al. 2007). Two major routes of
regeneration have been reported for production of transgenic sugarcane: direct somatic
embryogenesis (DSE) (Snyman et al. 2006; Taparia et al. 2011; Van der Vyver 2010)
and indirect somatic embryogenesis (ISE) (Birch et al. 1992; Gallo-Meagher et al.
1996). Development of vigorously performing transgenic plants with minimal somaclonal
variation depends on several factors, of which tissue culture duration contributes
significantly (Burner and Grisham 1995; Fukui 1983; Kaeppler et al. 2000) and is the
most amenable to modification for minimizing undesirable effects.
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Microprojectile size is one of the physical parameters which may affect stable
transformation efficiency and transgene integration pattern following biolistic
transformation (Klein and Jones 1999). Smaller microprojectiles have been associated
with reduced injury to bombarded explants and higher transformation efficiency
(Randolph-Anderson et al. 1995).
Minimal expression cassettes (MC) ensure the integration of the desired transgene
free of the bacterial sequences from the cloning plasmid and has been termed the
‘clean insertion technology’ (Fu et al. 2000). Prokaryotic sequences in a eukaryotic
genome can provide hotspots for recombination leading to transgene re-arrangement
(Kohli et al. 1999). Use of MC is expected to contribute to stable transgene expression.
The neomycin phosphotransferaseII gene (nptII) derived from the Tn5 transposon
of E. coli is the most reliable and frequently used selectable marker gene for plant
transformation, encoding resistance to antibiotics such as kanamycin sulfate (dicots),
geneticin sulfate and paromomycin sulfate (monocots) (Libiakova et al. 2001). Although,
use of antibiotic resistance genes as selectable markers is discouraged for developing
transgenic plants due to the possibility of horizontal transfer of such genes to soil and
intestinal microbes, extensive research on the nptII gene has established that such an
event is only likely under artificially facilitated conditions (Libiakova et al. 2001). To our
knowledge a comparison of geneticin sulfate and paromomycin sulfate to determine
concentration and suitability for selection of transformed cells has not been performed in
sugarcane.
The objectives for this study were: (1) to compare ISE with DSE regarding
transformation efficiency and transgene expression of regenerated plants, (2) to
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evaluate the duration of explant pre-culture on transformation efficiency, (3) to study
the effect of microprojectile size and its effect on transformation efficiency and
transgene insertion and, (4) to compare selective agents and their concentration
regarding transformation efficiency and rate of transgenic plants not expressing the
transgene.
Materials and Methods
Media Composition and Growth Regulators
Modified Murashige and Skoog (1962) medium (Chengalrayan and Gallo-Meagher
2001), containing 2% sucrose, and 0.6% agarose (Sigma-Aldrich®, St. Louis MO) was
prepared with deionized and distilled water and the pH adjusted to 5.8 prior to
autoclaving at 121°C and 15 psi for 20 min. B5 vitamins (Gamborg et al. 1968) and
selective agent (filter sterilized; 1000× solutions) were added to media post autoclaving.
DSE was induced by the use of direct embryogenesis medium (DEM) which contained
p-chlorophenoxyacetic acid (C, 1.86 mg L-1), 1-napthaleneacetic acid (N, 1.86 mg L-1)
and 6-benzyl adenine (B, 0.09 mg L-1). Indirect somatic embryogenesis was induced by
the use of 2,4-dichlorophenoxyacetic acid (2,4-D, 3 mg L-1; IEM). Plant regeneration
from embryogenic tissues was induced by transfer to regeneration media (ERM)
containing N+B.
Explant Preparation and Culture Conditions
Sugarcane tops were harvested from cultivar CP 88-1762 planted at the
Everglades Research and Education Center, University of Florida, Belle Glade, Florida,
USA when six to eight nodes were visible. The outermost leaf sheaths were wiped with
70% ethanol and removed under aseptic conditions. Immature leaf whorl cross-sections
2 mm thick were excised from a 1 to 10-cm region above the apical meristem, placed on
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DEM or IEM media and incubated under 30 µmol m-2 s-1 light intensity with 16h:8-h
(light/dark) photoperiod at 28°C. Subcultures were performed at weekly intervals prior to
transformation.
Excision and Purification of Minimal Expression Cassette
pHZ35S::nptII plasmid containing the nptII gene under control of the 35S CaMV
promoter (Agharkar et al. 2007) was digested with AlwNI and NotI overnight,
electrophoresed (70V, 180 min) on agarose gel (1% w/v) and the 2,562-bp nptII MC
fragment was gel eluted using QIAquick® Gel Extraction Kit (Qiagen® Inc.,Valencia,
CA). The purified fragment was quantified on NanoDrop® ND-1000 spectrophotometer
(Thermo Fisher Scientific Inc., Wilmington, DE).
Biolistic Transformation
Four hours before transformation, explants were collected to cover a circle of 2.5
cm2 diameter on media containing 0.4 M sorbitol in addition to all the components of
DEM or IEM. The nptII MC (200 ng) was coated on 1.8 mg gold microprojectiles
following a protocol previously described (Altpeter and Sandhu 2010). Gene delivery (10
ng of nptII MC DNA coated on 90 ng microprojectiles) was carried out with the biolistic
PDS-1000/He® apparatus (Bio-Rad®, Hercules, CA) with 1100 psi rupture disks,
chamber vacuum at 26.5 mmHg, shelf distance of 6 cm and gold microprojectile size
0.3 µm (Crescent Chemical Co., Islandia, NY) or 1 µm (Analytical Scientific Instruments,
Richmond, CA). Transformation efficiency was calculated by dividing the number of
independent transgenic plants regenerated by the number of shots performed for a
treatment.
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Experimental Design, Randomization and Factor Combinations
Experiment 1 was performed to optimize transformation efficiencies of alternate
morphological routes in a multifactorial experiment that compared the effect of explant
preculture duration (DEM: 1, 2 and 3 wk; IEM: 3, 4 and 5 wk) with alternate
microprojectile size (0.3 or 1 µm). Immature leaf roll explant cultures (on DEM or IEM)
were synchronized so that biolistic transformation of wk 1, 2 and 3 DEM explants could
be carried out on the same day as wk 3, 4 and 5 IEM explants, respectively. Cultures
for DSE or ISE were started from donor material collected in field visits spaced 1 wk
apart. Five shots per treatment combination and a total of 60 shots were performed for
this experiment. Plates within the same pre-culture and media group were randomly
chosen for biolistic transformation with the different particle sizes.
Experiment 2 tested the selection strength of two selective agents at two
concentrations each, paromomycin sulfate (20 and 40 mg L-1) and geneticin sulfate (15
and 30 mg L-1) for DSE induced immature leaf whorl cross-section explants bombarded
10 days after culture initiation, using 0.3 µm gold microprojectiles, with 8 shots per
treatment and a total of 32 shots. Four stacks of eight plates each were randomly
selected and assigned to a selective agent at the specified strength.
Culture, Selection, Regeneration and Rooting of Plants
Following biolistic transformation, the leaf whorl cross-sections were separated
into individual leaf segments and transferred to their respective non-selective media for
recovery. Cultures on DEM were cultured on non-selective media for 3-4 days while
those on IEM were cultured on non-selective media for 2 wk before selection started.
During the recovery period callus developed on ISE explants and was carefully
detached from the leaf segments with the help of forceps and transferred to selection
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medium. Subcultures were done at 10 d interval after transformation. In order to initiate
regeneration, embryo-bearing explants from either media were placed on ERM under
100 µmol m -2 s-1 light intensity with 16h: 8h (light/dark) photoperiod at 28°C.
Regenerated shoots (approximately 1 cm) in size were transferred to selection media
free of phytohormones for rooting and shoot elongation. Selection was maintained till
the rooted shoots were ready to be transferred to soil. Potted transgenic plants were
acclimated in a growth chamber with 80% humidity; 400 µmol m -2 s-1 light intensity with
16h:8h (light/dark) photoperiod at 28°C. Post-acclimation plants were grown in
greenhouse with diurnal temperature range of 28-22oC (day-night) under natural
photoperiod.
Neomycin phosphotransferaseII-Enzyme Linked Immunosorbent Assay (NPTIIELISA)
A commercially available NPTII ELISA kit (Agdia Inc., Elkhart, USA) was used for
expression analysis. Samples were loaded onto the ELISA plate and incubated at room
temperature following the manufacturer’s direction. Total soluble protein was extracted
from the youngest fully expanded leaves of two different tillers of each T 0 plant to
constitute two replications. Protein concentration of each sample was determined by
Bradford assay (Bradford 1976) using Coomassie Plus™ Protein Assay reagent
(Thermo Fisher Scientific Inc., Rockfort, IL) and bovine serum albumin standards. Equal
loading of total soluble protein (20 µg) facilitated relative expression quantification of
each plant sample against the NPTII standard provided with the kit. Absorbance values
of samples were read at 450 nm with VersaMax™ PLUS ROM version 1.21 plate reader
(Molecular Devices®, Sunnyvale, CA).
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Neomycin phosphotransferaseII Immunostrip® Immuno-Chromatography Assay
Young leaves of putative transgenic lines were excised 3 cm from the tip, and
ground in 1 mL of diluted extraction buffer provided with the NPTII ImmunoStrip® kit
(Agdia Inc., Elkhart, USA). Samples were centrifuged at room temperature for 5 min at
16,100×g and the supernatant transferred to a clean microfuge tube where it was
absorbed by ImmunoStrip® to test the presence of NPTII. A positive reaction for NPTII
was indicated by the development of two purple lines on the immuno-chromatography
strip. Results were recorded 30 min after reaction beginning.
Southern Blot Analysis
Extraction of total genomic DNA from leaf tissues was carried out following a
modified cetyltrimethyl ammonium bromide (CTAB) protocol (Porebski et al. 1997).
Genomic DNA (30 µg) digested with BamHI (New England Biolabs®, Ipswich, MA) was
electrophoresed through agarose gel (TBE 0.5×; agarose 1% w/v) and blotted to
Hybond™-N+ membrane (Amersham Biosciences, Piscataway, NJ) following the
manufacturer’s directions. A PCR product 796-bp in length covering the nptII open
reading frame was amplified using forward primer 5'GGAGAGGCTATTCGGCTATGACTG-3' and reverse primer 5'ATCGGGAGCGGCGATACCGTAAAG-3' (PCR conditions: denaturation 95°C 30s,
annealing 61°C 30s, extension 72°C 90s), radiolabelled as probe using [α-32P] dCTP
800 mCi mM-1 (Perkin Elmer Inc, Waltham MA) by Prime-a-Gene® random labeling kit
(Promega® Inc., Madison, WI). Probe-DNA hybridization, membrane washing and
visualization of membrane bound-radioactive probe were done following an established
protocol (Vandenplas et al. 1984).
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Statistical Analysis
Data from experiments one and two were analyzed using PROC GLM function in
SAS® software (SAS Institute Inc., Cary, NC). Treatment differences were tested at
α=0.05 using LSD means.
Results
Induction of Somatic Embryogenesis and the Effect of Preculture Period on
Transformation Efficiency
Direct embryogenesis media
Weekly preculture of immature leaf whorl cross-sections on DEM (Fig. 3-1A)
resulted in the proliferation of cells on the proximal surface that was first visible between
day seven to ten and the cultured explants turned green in color in response to being
cultured under illuminated conditions. Somatic embryos were first observed on DEM
between 14-21 d (Fig. 3-1B). Based on this observation the effect of explant preculture
period (DEM: 1, 2 and 3 wk) on transformation efficiency was investigated. Germination
of somatic embryos initiated (Fig 3-1C) between day 31-34, 38-39 or 44-45 for explants
that were bombarded 7, 14 or 21 d respectively after culture initiation. Shoots larger
than 0.5 cm in size (Fig. 3-1E) were observed 45-49 d, 53-57 d, or 65-69 d for explants
that were bombarded 7, 14 or 21 d respectively after culture initiation. Transgenic plants
rooted in the presence of hormone-free media (Fig. 3-1I) and were transferred to soil
(Fig. 3-1J) 85, 92 or 99 d after culture initiation for explants bombarded at day 7, 14 or
21, respectively. A trend (not significant at α=0.05) for higher transformation efficiency
(0.60 transgenic lines per shot) of DSE induced explants was observed when
bombarded at 1 or 2 wk after culture initiation compared to 3 wk after culture initiation
(0.10 transgenic lines per shot, Table 3-1).

63

Indirect embryogenesis media
Immature leaf whorl cross-sections showed swelling of the explant tissues after 310 d of culture on IEM (Fig. 3-1E). Calli developing on the explant surface were
observed by day 21 (Fig. 3-1F) of culture and somatic embryos developed at 6-7 wk of
culture (Fig. 3-1G). Therefore, three set of biolistic experiments each spaced a week
apart beginning at 3 wk of culture initiation were performed to investigate its effect on
transformation efficiency. A pre-experiment (data not shown) determined that initiation
of selection 3-4 days after gene transfer resulted in necrosis of the explants and failure
to obtain transgenic callus or shoots. Therefore, the recovery period on non-selective
IEM following gene transfer was extended to 2 wk. Putative transgenic embryos were
regenerated on ERM on day 75, 78 and 85, respectively, for shots performed 3, 4 or 5
wk after culture initiation (Fig. 3-1G, H). Selection was maintained until shoot elongation
and root formation occurred and plants were transferred to soil. ISE induced explants
when bombarded at 3, 4 or 5 wk. after culture initiation resulted in 0.3, 1.1 and 0.9
plants per shot, respectively (Table 3-1). Since the highest transformation efficiency (not
significant at α=0.05) and least tissue culture duration was observed with biolistic gene
transfer 4 wk after culture initiation the work flow for this protocol is described in figure
3-2.
Comparison of Selective Agents
Experiment 1 and 2 utilized geneticin sulfate at 30 mg L-1 for selection of DSE and
ISE somatic embryos. Use of geneticin (30 mg L-1) in DEM following gene transfer
resulted in necrosis of both explants and majority of somatic embryos. All embryos that
were not necrotic regenerated plants in the presence of geneticin. A total of 48 lines
were confirmed by Southern blotting (Fig. 3-5C) (Table 3-1) for transgene integration
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while six lines were non-transgenic escapes. An additional experiment was carried out
to compare selection with paromomycin sulfate (20 or 40 mg L-1) against geneticin
sulfate (15 or 30 mg L-1) for the selection of bombarded explants on DEM. The
transformation efficiency was significantly higher when geneticin was used instead of
paromomycin. In contrast to geneticin sulfate at 15 or 30 mg L-1, paromomycin sulfate at
20 mg L-1 or 40 mg L-1 concentrations did not result in partial necrosis of the DSE
explants. However, NPTII immuno-chromatography identified the same number of nonexpressing plants per shot following geneticin or paromomycin selection. More nonexpressing plants per shot (not significant at α=0.05) were identified after selection with
the lower concentrations of both paromomycin and geneticin (Table 3-2). However, the
concentration of the selection agent did not affect the transformation efficiency
significantly. Based on the number of putative transgenic plants confirmed positive by
NPTII immune-chromatography (Fig. 3-3B), the average transformation efficiency
following DSE and selection with paromomycin sulfate and geneticin sulfate were 0.31
and 1.5, respectively (Table 3-2).
Effect of Microprojectile Size, Morphogenic Route and Preculture Period on
Transformation Efficiency
Analysis of experiment 1 for the effect of morphogenic route on transformation
efficiency was not significant at α=0.05. Highest transformation efficiency (2.2
transgenic lines per shot) for IEM grown explants was observed when bombarded at 4
wk after culture initiation with 0.3 µm microprojectiles. The highest transformation
efficiency (1.2 transgenic lines per shot) for DEM grown explants was observed when
bombarded 1 wk after culture initiation with 0.3 µm microprojectiles (Table 3-1). The
effect of microprojectile size on transformation efficiency was statistically significant.
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The 0.3 µm microprojectiles produced on average 1.00 transgenic plants per shot while
1 µm microprojectiles produced 0.20 transgenic plants per shot (Fig. 3-4B).
Molecular Characterization of Transgenic Plants
A total of 48 independent transgenic plants with stable integration of nptII MC were
confirmed by Southern blot analysis (26 lines shown in Fig. 3-5C) from pre-experiment
and experiment 1. A total of 19% of the transgenic lines displayed a single hybridization
signal and 58% of the transgenic lines displayed less than 4 signals with the overall
average being 3.65. On an average the transgenic plants generated from 0.3 and 1.0
µm microprojectiles displayed 3.2 ± 0.4 and 4.9 ± 0.7 hybridization signals respectively
which was statistically significant (α= 0.05; p=0.0344) (Fig. 3-4A). The NPTII expression
in transgenic plants averaged 0.0087 ± 0.0039 ng NPTII per µg of total soluble protein
for DSE and 0.0176 ± 0.0051 ng NPTII per µg of total soluble protein for ISE derived
plants (Table 3-1). There was no correlation between transgene expression and the
number of hybridization signals.
Discussion
The comparison of direct and indirect somatic embryogenesis (DSE and ISE) for
biolistic transformation of sugarcane cultivar CP 88-1762 indicated the highest
transformation efficiency with ISE (2.2 lines per shot) and the most rapid production of
transgenic plants with DSE (12 wk from explant to plants in soil). The particle size and
the type of the selective agent significantly affected the transformation efficiency.
Microprojectiles of 0.3 µm diameter produced 5 times more transgenic lines than 1 µm
microprojectiles. Improved transformation efficiency by using submicron sized
microprojectiles was also reported for maize (Frame et al. 2000; Randolph-Anderson et
al. 1995) and orchids (Yang et al. 1999). This improvement may be due to the reduction
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in tissue damage when using smaller microprojectiles (Kausch et al. 1995; RandolphAnderson et al. 1995). We also observed a significant reduction of the number of
hybridization signals in the Southern blot with 0.3 µm microprojectiles when compared
to 1.0 µm microprojectiles. This suggests that the lower DNA carrying capacity and
greater number of the smaller microprojectiles contributes to more transgenic lines with
less complex transgene integration as suggested by Klein and Jones (1999).
Geneticin sulfate has a 4,6-disubstituted deoxystreptamine ring while
paromomycin sulfate has a 4,5-disubstituted deoxystreptamine ring (Padilla and Burgos
2010). Both aminoglycoside antibiotics are routinely used for selection in combination
with the nptII gene for transforming monocot species. When geneticin sulfate, was used
for selection, significantly more (4.8 times) transgenic plants were produced than
paromomycin sulfate and an equal number of non-expressing plants were produced
with both selective agents following DSE. The reason for the observed difference in
selection efficiency of paromomycin and geneticin may be due to the difference in their
chemical structure which affects their affinity for a range of tissue culture components
such as cellulose, DNA, RNA and cell surfaces (Hancock 1981). Among the selectable
marker/selective agent combinations used for genetic transformation of sugarcane,
nptII/geneticin combination has been reported to generate the lowest rate of nontransgenic escapes (3%, Falco et al. 2000) versus bar/bialaphos (42%, Gallo-Meagher
and Irvine 1996) or phosphomannose isomerase/mannose (44%, Jain et al. 2007).
Reports in other members of the gramineae family on the selection of nptII-transformed
explants vary from paromomycin being superior to geneticin (Oat, Torbert et al. 1995;
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Wheat, Witrzens et al. 1998), both being equally effective (Sorghum, Howe et al. 2006),
or geneticin being superior to paromomycin (Banana, Huang et al. 2007).
Embryogenic callus (ISE) induced with 2.5 to 3 mg L-1 2,4-dichlorophenoxyacetic
acid (Ahloowalia and Maretzki 1983; Brisibe et al. 1994; Ho and Vasil 1983; Snyman et
al. 2001) is routinely used for biolistic transformation of sugarcane and produces rooted
transgenic plants within 24 to 36 wk after culture initiation (Birch 1997; Bower and Birch
1992; Snyman et al. 2001). If ISE derived callus was bombarded 4 wk after culture
initiation, rooted transgenic plants were obtained within 18 wk from the time of start of
culture. A similar ISE protocol was recently published for different sugarcane cultivars
by Basnayake et al. (2011). Sweby et al. (1994) reported no genetic variation from
sugarcane callus 3 months after culture initiation according to molecular marker
analysis. Reduction in the stalk diameter of T0 transgenic sugarcane plants has also
been reported from tissue culture periods exceeding 23 wk (Basnayake et al. 2011). A
reduction in tissue culture duration to 18 or 12 wk was observed with ISE or DSE,
respectively, which may contribute to reducing somaclonal variation and improved
performance of the transgenic plants as suggested by Burner and Grisham (1995).
Initiation of DSE using immature leaf whorl cross sections has been reported by
Snyman et al. (2006) and Van Der Vyver (2010). The highest transformation efficiency
reported by Snyman et al. (2006) using leaf disks was 0.05 transgenic lines per shot
which is lower than the 1.63 transgenic plants per shot reported here under optimal
conditions (Table 3-2). Van der Vyver (2010) did not report any transformation
efficiency.
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The type and concentration of auxin used for inducing dedifferentiation determines
the morphogenic route and also affects regenerability of the target tissue.
Chlorophenoxyacetic acids have been reported to be superior to other auxins for
induction of direct somatic embryogenesis (DSE) (Lakshmanan et al. 2006; Taparia et
al. 2009). 2,4-dichlorophenoxyacetic acid is the most frequently used auxin for the
induction of ISE in sugarcane and other monocots (Ahloowalia and Maretzki 1983;
Chen et al. 1988; Fitch and Moore 1990; Liu 1993; Gallo-Meagher et al. 2000).
Sugarcane cv. CP 88-1762 transformed in this study is cultivated on 20.3% of the
sugarcane growing area in Florida (Rice et al. 2009) and displays a high regeneration
frequency following DSE (Taparia et al. 2009), ISE (Joshi 2009; Kim et al. 2011) and
direct organogenesis (Joshi 2009). Adjustment in auxin-to-cytokinin ratios, use of
antioxidants (Enriquez-Obregon et al. 1998), reducing sub-culture intervals and
improved management of donor plants (Basnayake at al. 2011) could contribute to
adaptation of the protocols reported here for other sugarcane cultivars.
In conclusion, optimization of two alternative morphogenic routes for regeneration
(DSE and ISE) supported reproducible and rapid genetic transformation of a
commercially important sugarcane cultivar. Smaller microprojectiles of 0.3 µm diameter
produced more transgenic plants than 1 µm microprojectiles. Geneticin sulfate at 30 mg
L-1 was the most effective selective agent for regeneration of nptII expressing plants.
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Table 3-1. Effect of morphogenic path and preculture duration on transformation efficiency.
Morphogenic
Preculture
Particle size
Transformation
Hybridization
NPTII f
a
b
d
path
duration
(µm)
efficiency
signals
(ng/µg)
(wk)
Mean ± SE
Mean ± SE
Mean ± SE
1
0.3
1.20 ± 1.20
2.50 ± 0.67
0.0121 ± 0.0077 g
1.0
Mean
0.60 ± 0.60
2.50 ± 0.67
0.0121 ± 0.0077
2
0.3
0.80 ± 0.80
3.75 ± 0.85
0.0041 ± 0.0041 g
DSE
1.0
0.40 ± 0.40
4.50 ± 0.50
0.0019 ± 0.0019 g
Mean
0.60 ± 0.43
4.00 ± 0.58
0.0034 ± 0.0027
3
0.3
0.20 ± 0.20
3.00 ± 0.00
0.0198 ± 0.0000 g
1.0
Mean
0.10 ± 0.10
3.00 ± 0.00
0.0198 ± 0.0000
DSE Overall
0.43 ± 0.27 c
3.23 ± 0.44 e
0.0087 ± 0.0039
3
0.3
0.60 ± 0.60
3.67 ± 2.19
0.0344 ± 0.0175 g
1.0
Mean
0.30 ± 0.30
3.67 ± 2.19
0.0344 ± 0.0175
4
0.3
2.20 ± 1.28
2.72 ± 0.47
0.0041 ± 0.0031 g
ISE
1.0
Mean
1.10 ± 0.71
2.72 ± 0.47
0.0041 ± 0.0031
5
0.3
1.00 ± 0.63
3.60 ± 1.66
0.0364 ± 0.0143 e
1.0
0.80 ± 0.49
4.75 ± 1.10
0.0183 ± 0.0118 g
Mean
0.90 ± 0.38
4.11 ± 1.01
0.0284 ± 0.0095
ISE Overall
0.77 ± 0.24 c
3.39 ± 0.52 e
0.0176 ± 0.0051
a
b
Morphogenic path- Direct somatic embryogenesis (DSE), Indirect somatic embryogenesis (ISE). Transformation
efficiency was calculated as number of transgenic plants per shot; n= 5. d Number of signals as observed in the Southern
blot. f Values of NPTII were estimated from protein extract of fully expanded leafs of two tillers per line and reported as
categorized mean ± SE, SE= Standard error; ‘-’ represents zero values for plates that did not produce any transgenic
plants.
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Table 3-2. Effect of selective agent on transformation efficiency.
Selective agent
Concentration
Number of
Transformation
-1
(mg L )
transgenic plants
efficiency a
expressing NPTII
(Mean ± SE)

Number of nonexpressing
plants

Non-expressing
plants per shot d
(Mean ± SE)

15
11
1.375 ± 0.263 b
6
0.750 ± 0.25 e
30
13
1.625 ± 0.263 b
1
0.125 ± 0.13 e
Mean
1.500 ± 0.172
0.438 ± 0.16
Paromomycin
20
2
0.250 ± 0.164 c
5
0.625 ± 0.61 e
c
sulfate
40
3
0.375 ± 0.183
2
0.250 ± 0.32 e
Mean
0.313 ± 0.113
0.438 ± 0.18
a
Transformation efficiency was calculated as number of transgenic plants expressing NPTII (Immuno-chromatography)
per shot; n=8. d Non-expressing plants per shot were calculated by dividing the number of plants that did not express
detectable levels of NPTII (Immuno-chromatography) by the number of shots performed. SE= Standard error. Values
marked with the different letters in the same column are statistically significant (α= 0.05).
Geneticin sulfate
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Figure 3-1. Transformation of and regeneration of sugarcane A, Immature leaf whorl
cross-section initiated on direct somatic embryogenesis medium at 7 d of
preculture. B, Development of direct embryos on immature leaf segments 18
d after culture initiation. C, Regeneration of direct embryos on regeneration
medium (ERM) with 30 mg L−1 geneticin. D, Regenerated shoots attached to
explants on culture medium with 30 mg L−1 geneticin 46 d after culture
initiation. E, Immature leaf whorl cross-section 7 d after culture initiation on
indirect somatic embryogenesis media. F, Development of calli on explants
21 d after culture initiation. G, Initiation of regeneration on ERM with 30 mg
L−1 geneticin. H, Regenerated shoots from indirect somatic embryos 90 d after
culture initiation. I, Regenerated shoots on rooting media with 30 mg L−1
geneticin. J, Mature transgenic sugarcane plants.
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Figure 3-2. Timeline of sugarcane transformation following indirect somatic
embryogenesis (ISE).The timing (days) of commencement of each step is
indicated in bold in the box. ERM= Embryo Regeneration Medium, IEM=
Indirect Embryogenesis Media.
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Figure 3-3. Effect of selective agent on transformation efficiency. Selection on either
geneticin sulfate or paromomycin sulfate on direct somatic embryogenesis
media are compared regarding the number of transgenic plants per shot
expressing NPTII (immmuno-chromatography). Error bars depict standard
error values. Different letters indicate statistical significance (α= 0.05).
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Figure 3-4. Effect of gold microprojectile size on transformation efficiency and number
of hybridization signals in Southern blot. A, Mean of hybridization signals in
southern blot vs. microprojectile size B, Transformation efficiency vs.
microprojectile size. Values are reported as number of transgenic plants per
shot. Error bars represent standard error values. Different letters indicate
statistical significance (α= 0.05).
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Figure 3-5. Analysis for stable integration and expression of the minimal expression
cassette of nptII. A, The nptII minimal expression cassette was excised with
NotI and AlwNI prior biolistic gene transfer. For Southern blot analysis a 796bp PCR product of the open reading frame of nptII was used as a probe. B,
NPTII Immuno-chromatography. C: control line, T: test line with purple color
indicates positive NPTII reaction, G: geneticin sulfate, P: paromomycin sulfate
C, Southern blot analysis of T0 sugarcane genomic DNA (30 μg) following
restriction digestion with BamHI. Electrophoresis on 1% agarose gel, and
hybridization with a 796-bp probe of the nptII gene. WT non-transgenic
sugarcane, 1– 48 Line numbers of independent transgenic lines. Line
numbers in blue were generated using 1.0 µm and green numbers using 0.3
µm gold microprojectiles, P= nptII expression cassette (50 pg) used as a
positive control.
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CHAPTER 4
CONCLUSIONS
Two alternative protocols for the rapid genetic transformation of the commercially
important sugarcane cultivar CP 88-1762 by biolistic transfer of minimal expression
cassettes were developed. The optimized protocols involved two alternative
morphogenic pathways direct somatic embryogenesis (DSE) or indirect somatic
embryogenesis (ISE) which produced transgenic plants in soil within 12 or 18 wk after
culture initiation, respectively.
The highest transformation efficiency was observed if biolistic gene transfer was
performed 10 d after culture initiation for DSE induced explants or 28 d after culture
initiation for ISE induced explants. Transformation efficiencies of 1.6 or 2.2 independent
transgenic plants per shot for DSE or ISE respectively compare well with earlier
reported transformation efficiencies for this sugarcane cultivar using the standard
transformation protocol.
Submicron particles (0.3 µm) produced significantly more transgenic lines with
simpler integration pattern than particles with 1.0 µm diameter. Simple transgene
integration patterns following biolistic transformation may also be associated with the
reduced DNA quantity per shot.
Of the two selective agents used for recovery of nptII expressing plants, geneticin
sulfate produced more transgenic plants than paromomycin sulfate per shot and a
similar number of escapes per shot.
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Future Research
Estimation of DNA Based Variation in Transgenic Plants Developed by Rapid
Transformation Procedures
The reduction in tissue culture duration coupled with the use lower DNA quantities
of nptII MC may have led to the reduction of somaclonal effects on the transgenic
sugarcane plants. Evaluation of field performance of transgenic plants and the use of
molecular markers may help in confirming which of the alternative protocols and particle
sizes minimizes the occurrence of phenotypic and genomic changes.
Introduction of Transgenic Traits of Interest and Estimation of Co-transformation
Efficiencies
The developed transformation protocol will be utilized to introduce one or multiple
transgenes for genetic improvement of single or multiple traits. Co-transformation
efficiencies of trait gene and selectable marker should be determined when multiple
unlinked minimal expression cassettes are used for biolistic transformation. High cotransformation efficiency in biolistic experiments should validate the usefulness of the
protocols developed, for the stacking of traits.
Application of the Rapid Transformation Procedures to a Range of Genotypes
It is desirable to utilize this protocol for a number of sugarcane genotypes. An
initial screening of suitable genotypes should be based on the ability to induce
regenerable direct or indirect embryos from immature leaf roll cross-sections. The timing
of bombardment, concentration of selective agents and subculture intervals may need
to be adjusted for specific genotypes.
In conclusion, rapid genetic transformation of sugarcane can be obtained with the
developed protocols resulting in considerable saving in time and labor and likely
improved performance of the transgenic plants.
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APPENDIX
LABORATORY PROTOCOLS USED FOR BIOLISTIC TRANSFORMATION, TISSUE
CULTURE AND CHARACTERIZATION OF TRANSGENIC SUGARCANE PLANTS
Protocols for Molecular Cloning
Preparation of Glycerol Stocks
1. Initiate E. coli culture containing desired plasmid in 2 mL sterile LB broth containing
the appropriate antibiotic (spectinomycin for plasmid pHZ35sNptII). Incubate
overnight at 37ºC on an orbital shaker with 220 rpm with 1” orbit.
2. Add 0.85 mL of the bacterial culture and 0.15 mL sterile glycerol into a sterile
microfuge tube.
3. Mix by vortexing and immediately freeze using liquid nitrogen. Store at -80ºC.
Prepare several tubes for plasmid. Avoid successive freeze-thaw cycles.
Amplification and Purification of Plasmid DNA Using the QIAGEN® Plasmid Midi Kit

1.

2.

3.
4.

5.
6.

7.
8.
9.

 QIAGEN plasmid purification protocol as provided by the manufacturer
 All buffers (P1, P2, P3, QBT, QC, QF, TE) are supplied with the QIAGEN kit
Inoculate a starter culture of 2-5 mL LB medium containing the 1µg/mL of the
appropriate antibiotic. Frozen glycerol stocks or freshly streaked selective plate can
be used for inoculation. Incubate for ~8h at 37°C with vigorous shaking (~220 rpm
on an orbital shaker with 1” orbit). Use a tube or flask with a volume of at least 4
times the volume of the culture
Use the starter culture to initiate an overnight culture. Use 100µl of the starter culture
in 50 mL LB medium containing the appropriate antibiotic. For low-copy plasmids,
inoculate 100 mL medium. Incubate at 37°C for 12-16 h on an orbital shaker. The
vessel used should have a capacity at least 4 times the volume of the culture
Harvest bacterial cells by centrifugation at 6000 g for 15 min at 4°C. Remove all
traces of supernatant by pipetting.
Resuspend the bacterial pellet in 4 mL buffer P1. The bacteria should be
resuspended completely by vortexing or pipetting up and down until no cell clumps
remain.
Add 4 mL Buffer P2. Mix gently but thoroughly by inverting 4-6 times. Incubate at
room temperature for 5 min. Contents should not be vortexed at this stage.
Add 4 mL of chilled buffer P3. Immediately mix immediately by gently inverting the
tubes 4-6 times. Incubate on ice for 15 to 20 min. After the addition of buffer P3, a
fluffy white material forms and the lysate becomes less viscous. If the material still
appears viscous and brownish, more mixing is required to completely neutralize the
solution.
Centrifuge at 20,000ˣg for 30 min at 4°C. Remove supernatant containing plasmid
DNA promptly. Before loading the centrifuge, the sample should be mixed again
Centrifuge the supernatant again at 20,000ˣg for 15 min at 4°C. Remove
supernatant containing plasmid DNA promptly.
Equilibrate a QIAGEN-tip 100 by applying 4 mL Buffer QBT, and allow the column to
empty by gravity flow.
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10. Apply the supernatant from step 8 to the QIAGEN-tip and allow it to enter the resin
by gravity flow.
11. Wash the QIAGEN-tip with 2 times10 mL Buffer QC.
12. Elute DNA with 5 mL buffer QF. Collect the eluate in a 10 mL tube.
13. Precipitate DNA by adding 3.5 mL isopropanol to the eluted DNA. Mix and centrifuge
immediately at 1500 g for 30 min at 4°C. Carefully decant the supernatant. All
solutions should be at room temperature in order to minimize salt precipitation.
14. Wash DNA pellet with 2 mL 70% ethanol, and centrifuge at 1500 g for 10 min.
Carefully decant the supernatant without disturbing the pellet.
15. Air-dry the pellet for 5-10 min, and redissolve the DNA in a 200 µl TE buffer. Allow
the pellet to resuspend in TE buffer overnight at 4°C before transferring to a sterile
micorfuge tube.
Preparation of Minimal Linear Expression Cassettes
1. Digest 100 µg of plasmid DNA using restriction enzymes which excise the gene
expression cassette (promoter, gene, poly A) and have no restriction site within the
cassette.
2. Check for complete digestion by running a 1µL aliquot of the digest on a 1.0%
agarose gel. Complete digestion will be indicated by the exact number of bands as
expected. (eg. if two enzymes cutting one at each side of the expression cassette
have single site in the plasmid, it will give two bands. The yield of fragment of
interest will depend on the relative size of the expression cassette to the whole
plasmid.
3. Load 10-15 µg per well on a 0.8% agarose gel and electrophorese at 70 V for 3 h to
achieve good separation of bands.
4. Stain the gel for three hours with ethidium bromide (60 µL in 1L of water).
5. Excise the band corresponding to the expression cassette using a UVtransilluminator.
6. Purify the excised band with the QIAquick gel purification kit (Qiagen Inc., Valencia,
CA) following the instructions manual.
7. Check quality by electrophoresing 2 µL of the fragment DNA (expression cassette).
8. Quantify the fragment yield using NanoDrop® (ND-1000 spectrophotometer,
Nanodrop Technologies, Wilmington, DE).
Restriction Digestion to Prepare Minimal Expression Cassette
pHZ35sNptII digestion
Restriction Enzyme
pHZ35sNptII plasmid (100 µg)
Buffer 4 10ˣ
BSA 10ˣ
Enzyme NotI
Enzyme AlwNI
ddH2O

NotI + AlwNI (New England Biolabs®)
40 µL
10 µL
10 µL
1 µL
1 µL
30 µL
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Final volume
Digest overnight at 37ºC

100 µL

Gel Extraction Using QIAquick® Gel Extraction Kit




Prepare Buffer PE by adding 40 mL 100% ethanol to the provided concentrate.
Always use protective wear to protect skin and eyes from harmful UV radiation.
When running a gel ensure that all buffers were made fresh, when staining a gel
make sure to use a fresh batch of ethidium bromide so as to not contaminate
your plasmid with foreign DNA or DNase.
1. Visualize DNA bands under a UV transilluminator.
2. Excise the DNA fragment precisely from the agarose gel using a clean sharp
scalpel. Avoid excess agarose. Proceed quickly to avoid long UV exposure
3. Weigh the excised agarose gel and distribute approximately 400 mg per microfuge
tube.
4. Add 3 volumes of Buffer QG to 1 volume of gel.
5. Incubate at 50ºC in a water bath for 10 min or until the gel has completely dissolved.
Vortex every 2 min during incubation to ensure complete dissolution of gel. After
incubation check that the color of the mixture remains similar to Buffer QG (yellow),
indicating that the pH has not changed.
6. Add 1 gel volume of isopropanol to the mixture and mix by inverting the tube several
times.
7. Place a QIAquick spin column in a provided 2 mL collection tube and apply the
sample to the column.
8. Centrifuge at 16,100×g for 1 min using table top centrifuge. Repeat this step if the
volume of the mixture is more than 800 µL, the maximum capacity of the QIAquick
column.
9. Discard the flow-through and place the column in the same collection tube.
10. Wash the QIAquick column by adding 750 µL Buffer PE to the column and
centrifuging for 1 min at 15,700ˣg.
11. Discard the flow-through, place the column back in the same collection tube and
spin for an additional 1 min at 15,700ˣg to remove residual ethanol from Buffer PE.
12. Place the QIAquick column in a clean, sterile 1.5 mL microcentrifuge tube.
13. Add 50 µl Buffer EB (10 mM Tris-Cl, pH 8.5) to the center of the QIAquick
membrane to elute DNA, let stand for 1 min and then centrifuge for 1 min at
15,700ˣg.
14. Store DNA at -20ºC.
Protocol for Biolistic Gene Delivery using PDS-1000/He®
Preparation of Gold Stock (60 mg mL-1)
1.
2.
3.
4.

Weigh 60 mg of 1.0 µm gold particles in a sterile 1.5 mL microfuge tube.
Vortex for 3-5 min after adding 1mL of 70% ethanol.
Centrifuge briefly (5 s) to pellet the microparticles.
Discard the supernatant, follow by 3 washes with 1 mL autoclaved ddH20.

81

5.
6.
7.
8.

Vortex for 1 min.
Centrifuge briefly (3-5 s) and again remove the supernatant.
Add 1mL sterile 50% v/v glycerol.
Store the gold stock at -20ºC.

Preparation of DNA Coated Microparticles
1. Add gene expression cassette (200 ng) and sterilized ddH2O to a final volume of
30L in 1.5 mL sterile microfuge tube.
2. Transfer 30 L of the gold stock suspension to the tube above while vortexing at a
low speed. Continue vortexing for 60 s.
3. Dispense 20 L 0.1 M freshly prepared spermidine and 50 L 2.5 M CaCl2 in close
succession into the vortexing mixture above and continue vortexing for another 60 s.
4. At the end of the vortexing period centrifuge briefly (3-5 s) to pellet the gold.
5. Discard the supernatant without disturbing the pellet and add 250 L absolute
ethanol for washing.
6. Discard the supernatant alcohol.
7. Repeat step 5, once more.
8. Resuspend the pellet in 100 L absolute ethanol by sonication for 1 s.
9. Keep the DNA coated microprojectiles on ice.
Biolistic Bombardment
1. Turn on PDS-1000/He® Particle Delivery System and vacuum pump; ensure the
helium supply is at least 200 psi above the pressure rating of the rupture disks being
used.
2. Place the rupture disk in the center of the rupture disk holder and secure it properly
inside the chamber.
3. Place macrocarriers into holders with forceps and push down with a sterile blunt
object to secure it in holders.
4. Prior to use, resuspend the DNA-coated microparticles by briefly vortexing.
5. Apply 5 L of the suspension of DNA coated microparticles into the center (inner
5mm diameter) of the macrocarrier; allow for complete evaporation of ethanol before
use.
6. Place stopping screen into the macrocarrier plate and insert the inverted
macrocarrier assembly on top. Secure the lid on top of the shelf assembly.
7. Place macrocarrier plate containing the macrocarrier at the highest level of the inner
chamber.
8. Place tissue culture plate on shelf 2 below the macrocarrier plate (6 cm below).
9. Initiate a vacuum to 26.5 mmHg; press and hold the fire button until the disc ruptures
at 1100psi. Eye protection must be worn.
10. Vent the vacuum and remove petri dish.
11. Dismantle the assembly and prepare for the next shot.
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Molecular Techniques used in the Confirmation of Putative Transgenic Plants
Immunochromatographic NPTII ImmunoStrip®


1.
2.
3.
4.
5.
6.
7.
8.

NPTII ImmunoStrip® (Agdia, Elkhart, IN) kit for as provided by the manufacturer
NPTII ImmunoStrip® test sticks must be allowed to come to room temperature
before use.
Harvest 50 mg leaf segments in a centrifuge tube
Add 600 µL of the diluted PEB1 extraction buffer supplied with the kit.
Grind the tissue until the buffer turns green
Centrifuge for 5 min at 4°C at 5000 rpm.
Remove the supernatant into fresh 1.5 mL microfuge tube without disturbing the leaf
debris.
At this step, the total protein may be quantified or the Quick Stix may be directly
used. (for protein estimation, please see NPTII ELISA protocol).
Place the strip into the extraction tube. The sample will travel up the strip. Use a rack
to support multiple tubes if needed.
Allow the strip to develop for 30 min before making final assay interpretations.
Positive sample results may become obvious much more quickly. Development of
the control line within 10 min indicates that the strip has functioned properly. The
sample extract containing nptII will develop a second line (test line) on the
membrane strip between the control line and the protective tape, within 5-6 min of
sample addition.

NPTII ELISA Assay
Protein Extraction
1. Harvest 600 mg of young fresh leaf tissue. Store samples on ice.
2. Add 10 mg polyvinyl pyrrolidone (PVP) and 600 µL 10x PEB1 buffer (supplied with
the nptII Agdia ELISA kit) to each sample.
3. Grind the leaf samples using a micro-pestle. Keep the samples on ice.
4. Centrifuge the samples at 20,800ˣg at 4ºC for 15 min.
5. Transfer the supernatant to a new micro-centrifuge tube and store on ice.
Protein Estimation
1. Dilute Protein Determination Reagent (USB Corporation, product code 30098) 1:1
using sterile ddH2O. Prepare enough to use 1 mL per sample including standards
and blank.
2. Prepare a standard dilution series using BSA (0-20 µg).
3. Add 1 mL diluted Protein Determination Reagent to each cuvette. Add 5 µL of
sample to each cuvette and mix by vortexing.
4. Incubate at room-temperature while preparing the remaining samples.
5. Measure OD595 of each sample (ideally these should be between 0.2 and 0.8).
6. Plot a standard curve using BSA and use it to estimate total protein concentration of
the samples.
7. Calculate the volume of each sample required for 20 µg total protein per well.
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Assay
1. Prepare the samples, including wild-type using 22 µg protein and the volume of
buffer PEB1 required to make the total volume 110 µL.
2. Prepare standards as follows: 110 µL buffer PEB1 (negative control) and 110 µL of
the provided positive control.
3. Prepare a humid box by putting damp paper towel in a box with a lid.
4. Add 100 µL of each sample and standard in the ELISA microplate provided with the
kit. The order of samples should be noted at this time.
5. Place the plate in the humid box and incubate for 2 hours at room temperature.
6. Prepare the wash buffer PBST by diluting 5 mL to 100 mL (20×) with ddH2O.
7. Prepare the enzyme conjugate diluent by mixing 1 part MRS-2 with 4 parts 1ˣ buffer
PBST. Make enough to add 100 µL per well.
8. A few minutes before the incubation ends, add 10 µL from bottle A and 10 µL from
bottle B per 1 mL of enzyme conjugate diluent to prepare the enzyme conjugate.
9. When incubation is complete, remove plate from humid box and empty wells.
10. Fill all wells with 1ˣ buffer PBST and then empty them again. Repeat 5 times.
11. Ensure complete removal of wash solution by tapping the frame firmly upside down
on paper towels.
12. Add 100 µL of the prepared enzyme conjugate into each well and incubate the plate
in the humid box for 2 h at room temperature.
13. In the meanwhile, aliquot sufficient TMB substrate (100 µL per well) and allow it to
warm to room temperature.
14. When the incubation is complete, wash the plate with 1ˣ buffer PBST as before.
15. Add 100 µL of room temperature TMB substrate solution to each well and place the
plate back in the humid box for 15 min. A blue color will develop, the intensity of
which will be directly proportional to the amount of NPTII protein in the sample, while
negative samples will remain white.
16. To stop the reaction, add 50 µL 3M sulphuric acid to each well. The substrate color
will change from blue to yellow.
17. The results must be recorded within 15 min after addition of the stop solution
otherwise the reading will decline.
18. Color development can be visually scored or recorded with the help of an ELISA
plate reader.
DNA Extraction – CTAB Method
1. Autoclave mortars, pestles and spatulas for 20 min and dry in an incubator oven at
60ºC.
2. Prepare enough CTAB buffer (5 mL g-1 leaf material) for use by adding βmercaptoethanol fresh (200 µL β-mercaptoethanol per 100mL buffer or 30 µL in 15
mL). Heat to 65°C in a water bath.
3. Harvest 3 g young leaf material and store on ice or freeze in liquid nitrogen.
4. Cool mortar and pestle by adding liquid nitrogen. Chop fresh leaf into the liquid
nitrogen using scissors or add leaf and then cut into small slices. Grind to a fine
powder under nitrogen approximately 3 times.
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5. Add frozen leaf powder to 15 mL pre-heated buffer in a 50 mL disposable
polypropylene tube and mix well to remove lumps using a spatula or glass rod.
6. Incubate at 65°C, 1 hour. Mix the contents thoroughly 1-3 times during incubation.
7. Add 3 µL RNAse A to each sample at the start of incubation.
8. Cool to room temperature.
9. Add equal volume (15 mL) chloroform: iso-amyl alcohol (24:1) and mix gently to form
an emulsion for approximately 30 min. Mix with hand by gently inverting the tubes
and then again put it on the shaker for another 10-15 min.
10. Spin, 4000 rpm, 30 min. Transfer top layer to a fresh 50 mL tube using a wide bore
10 mL pipet tip.
11. Repeat step 8 through 9 once again.
12. Repetition of step 8 for a third time may depend on the quantity of precipitate visible
at the organo-qaueous interface.
13. Add ⅔ volumes chilled isopropanol and mix gently by inverting. The DNA will
precipitate.
14. Use a blue pipette tip with wide bore to suck the DNA out of the aqueous mixture.
15. Transfer DNA to a clean 15 mL tube containing 10 mL of 70% ethanol.
16. Wash one more time in 70% ethanol by inverting the tube several times.
17. Transfer washed DNA pellet to a clean 1.5 mL microfuge tube and air dry and
resuspend in 200 µL TE.
18. Prepare 10x dilution of the DNA stock. Use 1µL to check concentration and quality
using the NanoDrop® spectrophotometer and by gel electrophoresis of samples in a
0.8% agarose gel (80V, 40 min).
19. Store the dilutions and stocks at 4ºC.
Southern Blotting
Gel electrophoresis
1. Extract genomic DNA from transgenic lines as well as wild-type using the CTAB
method as described above.
2. Digest 30 µg DNA from each sample with the restriction enzyme to be used for
Southern blotting. Run the digested DNA on a 1% agarose gel to ensure complete
restriction digestion.
3. Use 30 µg genomic DNA to set up restriction digests for Southern blotting. First,
estimate the volume of each sample required to get 15 µg DNA and pipet it into a
sterile 1.5 mL micro-centrifuge tube. Add sterile ddH2O to make up the volume to 30
µL.
4. Set up the digestion as follows:
DNA (30 µg DNA + sterile ddH2O) Calculate volumes
10× BamHI buffer
3.0 µL
100× BSA
0.3 µL
BamHI (1000U/µl)
1.5 µL
Sterile ddH2O
~15.2 µL
Final volume
30.0 µL
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5. Prepare a master mix for all samples that includes the buffer, BSA (if required for the
enzyme chosen), enzyme and water. Mix by pipetting and add 30 µL DNA. Mix well,
centrifuge briefly and incubate in a waterbath at 37ºC over-night.
6. Run 2 µL from each digest on a 1% agarose gel to ensure complete digestion.
7. Prepare a 1 cm thick 1% agarose gel for Southern blotting using 0.5× TBE.
8. Concentrate all the digests to reduce the volume by half (30 µL) in a Speed-Vac.
9. Centrifuge the samples briefly and add 6 µL loading dye (6×). Mix well by pipetting.
Load samples on the gel. Also load a molecular weight marker (1 kb ladder, New
England Biolabs®) for estimating band size following hybridization.
10. Dilute the plasmid containing the transgene and load 50 pg as a positive control.
11. Run the gel at 15V over-night (750 min) in 0.5× TBE. Remove the gel from the
electrophoresis and cut excess gel using a scalpel. Measure the dimensions of the
gel.
12. Stain the gel for one hour using freshly prepared ethidium bromide stain (0.05 µg L-1.
13. Wash the gel five times using de-ionized water (DI H2O).
14. Visualize the gel on a gel-documentation system to check complete digestion of all
samples. Also measure and record the distance of the bands of the molecular weight
marker from the top of the gel.
15. DNA transfer blotting- alkaline† transfer procedure
16. Prepare 500 mL 0.125 N hydrochloric acid (HCl) and 3L 0.4N sodium hydroxide
(NaOH) solution per blot.
17. Treat the gel with 0.125 N HCl on a shaker with gentle shaking for 10 min for
depurination. Wash the gel three times with DI H2O.
18. Cut three pieces of filter paper to match the size of the gel and two pieces for the
bridge (24ˣ18 cm). Also cut a piece of the Hybond™-N+ membrane (Amersham
Biosciences, Piscataway, NJ) to match the size of the gel.
19. Treat the gel with 0.4 N NaOH on a shaker with gentle shaking for 30 min.
20. Assemble the tray and the platform on which the blot is to be set up. Place the filter
paper bridge on top of each other on the platform and fold them so that it dips into
the tray on both sides.
21. Pour 0.4 N NaOH on the bridge to wet it completely. Roll a glass rod over it several
times to remove air bubbles. Pour more NaOH onto the bridge.
22. Place the gel in the center of the bridge, pour NaOH over it and remove air bubbles.
23. Mark the membrane to determine the orientation of the gel following blotting.
24. Wet the membrane using 0.4 N NaOH, place the membrane on the gel; pour
NaOH onto it and remove air bubbles.
25. Place three pieces of Whatmann filter paper on the membrane; remove air bubbles
after placing each piece. Pour more NaOH over the top to avoid drying of the filter
papers.
26. Place pieces of parafilm all around the gel to cover the bridge to ensure that the
movement of the transfer buffer (0.4 N NaOH) takes place only through the gel.
27. Fill the tray with the transfer buffer to the top and cover the tray with Saran wrap
to prevent evaporation of the buffer during blotting.
28. Place a stack of absorbent paper towels on the gel and place another piece of
plexi-glass on top. On this, place a small weight (ca. 750 g) to ensure uniform
blotting and leave over-night (16-18 h).
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29. Disassemble the blot. Wrap the membrane in a cling film and expose it to UV for 2
min to fix the DNA on the membrane. Store the membrane in a zip-loc bag at 4ºC.
30. Visualize the gel using a gel-documentation system to make sure the transfer was
complete.
31. Follow the hybridization protocol described below.
†For neutral transfer procedure, 20ˣ SSC is used as transfer buffer in place of 0.4 N
NaOH. Treatment of the gel includes 10 min depurination treatment with 0.125 N HCl,
followed by 30 min treatment with denaturation buffer and 30 min treatment with
neutralization buffer. All other steps are same as described above.
Hybridization using the Prime-a-Gene® Labeling System (Promega®)
1. Check the radioactive working area for previous contamination before working. Thaw
blocking DNA (sheared salmon sperm DNA), labeling buffer, dNTPs (dATP, dGTP,
dTTP), BSA and probe on ice. Place [α-32P] dCTP behind the plexiglass shield to
thaw.
2. Pre-heat the hybridization oven and water-bath to 65ºC. Place the hybridization
buffer in the water-bath.
3. Roll the membrane and place it inside the hybridization tube. Add 50 mL 5× SSC to
the tube and pre-wet the membrane for 5-10 min. Make sure that there are no leaks.
4. Estimate the volume of probe required to get 25 ng of the probe and pipette it into a
clean microcentrifuge tube. Make up the volume to 30 µL using the nuclease-free
water provided with the labeling kit.
5. Close the tube tightly and boil the probe for 5 min. Also boil 500 µL of salmon sperm
DNA in a separate tube. Place on ice for 5 min immediately after boiling.
6. Discard the 5ˣ SSC into the sink and invert the hybridization tubes on a paper tissue
to drain.
7. Prepare the dNTP mix by mixing equal parts of dTTP, dATP and dGTP. Prepare
enough to use 2 µL per labeling reaction.
8. Set up the labeling reaction as follows:
9. Add the following to the denatured probe5ˣ labelling buffer
10 µL
Unlabeled dNTP mix
2 µL
BSA
2 µL
Klenow (5U/µL)
1 µL
Total volume
45 µL
10. Move the mixture behind the plexiglass shield; add 5 µL [α-32P] dCTP and mix well
by pipetting. Final volume of the reaction is 50 µL.
11. Incubate the mixture behind the plexiglass shield at room-temperature for 4 h.
12. For pre-hybridization, add 15 mL pre-heated (65ºC) hybridization buffer and 500 µL
denatured salmon sperm DNA in the hybridization tube.
13. Place the tubes in the hybridization oven and incubate at 65ºC for 4 h.
14. Add 500 µL salmon sperm DNA to the labeled probe and boil for 5 min behind the
plexiglass shield.
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15. Discard the pre-hybridization solution into the sink and drain the tube on a paper
towel.
16. Just before the probe is ready, add 8 mL pre-heated hybridization buffer in the
hybridization tube and move the tube behind the plexiglass shield.
17. Immediately after boiling, add the probe mixture to the hybridization tube. Take care
to avoid any spills.
18. Place the hybridization tube in the hybridization oven and incubate over-night at
65ºC (18 h).
19. Prepare the wash solution (0.1× SSC + 0.1% SDS). Prepare enough to use 50 mL
per wash for three washes per blot.
20. Heat the solution to 65ºC using the water-bath.
21. Remove hybridization tubes from the oven and place behind the plexiglass shield.
22. Working behind the plexiglass shield, dispose the hybridization solution into the
hazardous waste container using a funnel taking care to avoid any spills.
23. Pour 70 mL pre-heated wash solution (65ºC) into the hybridization tube; replace the
lid tightly and perform a quick wash by shaking the tube for a few seconds.
24. Dispose the wash solution into the hazardous waste container and add another 70
mL pre-heated wash solution into the tube.
25. Place the tubes in the oven for 20 min. Work behind the plexiglass shield, dispose
the wash solution into the hazardous waste container and add 70 mL preheated
wash solution into the tube for the final wash.
26. Place the tube in the oven for 20 min. Remove the tubes from the oven and place
them behind the plexiglass shield. Dispose the wash solution into the hazardous
waste container and wrap the membrane in Saran wrap.
27. Check for radioactivity on the membrane using a Geiger counter. Also check the
working area for any radioactive contamination.
28. Place the membrane with an X-ray film (Kodak) in an autoradiography cassette and
allow 16-18 h for exposure depending on the intensity of the signal from the Geiger
counter. Place the cassette at -80ºC during exposure.
Buffers and Solutions
Stock Solutions
Macro-stock solution
dd H2O
800 mL
Ammonium Nitrate
16.5 g
Potassium Nitrate
19.0 g
Calcium Chloride dihydrate
4.4 g
Magnesium Sulfate heptahydrate 3.7 g
Potassium Phosphate, monobasic 1.7 g
Mix all ingredients under constant stirring. Bring final solution up to 1 Liter and store in
bottle in refrigerator.
Micro-stock solution
dd H2O
Potassium Iodide

400 mL
0.04150 g
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Boric Acid
0.31000 g
Manganese Sulfate
0.64000 g
Zinc Sulfate heptahydrate
0.43000 g
Sodium Molybdate dihydrate
0.01250 g
Cupric Sulfate pentahydrate
0.00125 g
Cobalt Chloride hexahydrate
0.00125 g
Mix all ingredients under constant stirring. Bring final solution up to 500 mL and store at
4oC in refrigerator.
Iron-stock solution
dd H2O 400 mL
Na2EDTA
0.93 g
FeSO4 ∙7H2O
0.65 g
dd H2O Fill up to
500 mL
Heat 400 mL dd H2O in beaker, but do not boil water. Add Na2EDTA to hot water under
constant stirring. Once it dissolves, remove from heat before adding Ferrous sulfate but
continue stirring. Bring final solution up to 500 mL and store in bottle wrapped in
aluminum foil (to protect from light) in refrigerator.
CuSO4 (12.45 mg/mL)
0.6225g of CuSO4.5H2O dissolved in 50 mL ddH2O. Store in aliquots at -20°C. Use 100
µL per liter of media.
B5G-Vitamin-Stock solution/filter-sterilized:
dd H2O 90 mL
Nicotinic Acid
0.10 g
Thiamine HCl
1.00 g
Pyridoxine HCl
0.10 g
Glycine
0.20 g
Myo-Inositol
10.0 g
Bring final solution up to 100 mL. Bring to clean bench and filter sterilize with syringe
into prepared sterile Eppendorf tubes. Freeze tubes in -20°C freezer and only open
them in clean bench when preparing media. Before adding to media thaw tube
completely and vortex.
Paromomycin sulfate (40 mg per mL)
Dissolve 0.4 g paromomycin sulphate in 10 mL ddH2O. Filter-sterilize and store in
aliquots at -20°C.
Geneticin sulfate (30 mg per mL)
Dissolve 0.3 g Geneticin sulphate in 10 mL ddH2O. Filter-sterilize and store in aliquots
at -20°C.
Timentin (250 mg/mL)
Dissolve 5g Timentin in 12 mL water. Make final volume to 20 mL. Filter-sterilize and
store in aliquots at -20°C.
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BAP (0.1 mg/mL)
0.0025 g powder dissolved in 500μL 1N NaOH. Make up to 25 mL with ddH2O. Store in
aliquots at -20°C. Use 1 mL/L media.
2,4-Dichlorophenoxyacetic acid (3 mg/mL)
0.15 g powder dissolved in 500 μL 1N NaOH. Make up to 50 mL with ddH2O. Store in
aliquots at -20°C. Use 1 mL/L media.
p-Chlorophenoxyacetic acid (1.86 mg/mL)
0.093 g powder dissolved in 1 mL 1N NaOH. Make up to 50 mL with ddH2O. Store in
aliquots at -20°C. Use 1 mL/L media.
1-Napthaleneacetic acid (1.86 mg/mL)
0.093 g powder dissolved in 1 mL 1N NaOH. Make up to 50 mL with ddH2O. Store in
aliquots at -20°C. Use 1 mL/L media.
Media
Indirect Embryogenesis Media (IEM)
Pre-Autoclave
dd H₂O
400 mL
Sucrose
10 g
Macro-stock
50 mL
Micro-stock
5 mL
Fe-stock
10 mL
2,4-Dichlorophenoxyacetic acid-stock 500 µl
CuSO₄
50 µl
dd H₂O Fill up to
500 mL
pH-Measurement
5.8 for each bottle
Phytagel (Gelrite)
1.5 g per bottle
Post-Autoclave
B5G-Vitamin-stock
500 µl per bottle
(Timentin-stock 500 µl per bottle)
Direct Embryogenesis Media (DEM) (500 mL)
Pre-Autoclave
dd H₂O
400 mL
Sucrose
10 g
Macro-Stock
50 mL
Micro-Stock
5 mL
Fe-Stock
10 mL
CuSO₄
50 µL
NAA
500 µL
CPA
500 µL
BAP
45 µL
dd H₂O Fill up to
500 mL
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pH-Measurement
Phytagel (Gelrite)
Post-Autoclave
B5G-Vitamin-Stock

5.8 for each bottle
1.5 g per bottle
500 µL per bottle

Osmotic Pretreatment for Particle Bombardment (500 mL)
Pre-Autoclave
dd H₂O
400 mL
Sucrose
10 g
Macro-Stock
50 mL
Micro-Stock
5 mL
Fe-Stock
10 mL
Phytohormone stock solution 500 µl
CuSO₄
50 µL
Sorbitol
36.44 g
dd H₂O Fill up to
500 mL
pH-Measurement
5.8 for each bottle
Phytagel (Gelrite)
1.5 g per bottle
Post-Autoclave
B5G-Vitamin-Stock 500 µL per bottle
(Timentin-Stock 500 µL per bottle)
Regeneration Medium (500 mL)
Pre-Autoclave
dd H₂O
400 mL
Sucrose
10 g
Macro-Stock
50 mL
Micro-Stock
5 mL
Fe-Stock
10 mL
CuSO₄
50 µL
NAA
500 µL
BAP
500 µL
dd H₂O Fill up to
500 mL
pH-Measurement
5.8 for each bottle
Phytagel (Gelrite)
1.5 g per bottle
Post-Autoclave
B5G-Vitamin-Stock 500 µL per bottle
(Timentin-Stock 500 µL per bottle)
Rooting Media (500 mL)
Pre-Autoclave
dd H₂O
Sucrose
Macro-Stock
Micro-Stock
Fe-Stock

400 mL
10.0 g
50 mL
5 mL
10 mL
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CuSO₄
50 µl
dd H₂O Fill up to
500 mL
pH-Measurement
5.8 for each bottle
Phytagel (Gelrite)
1.5 g per bottle
Post-Autoclave
B5G-Vitamin-Stock
500 µL per bottle
(Timentin-Stock 500 µl per bottle)
Buffers
CTAB buffer (500 mL)
1M Tris-HCl
50 mL
0.5M Na2EDTA
20 mL
NaCl
40.91 g
CTAB
15.00 g
Make up the volume to 500 mL with autoclaved, warm ddH2O.
6x Loading dye (100 mL)
Bromophenol blue
0.25%
Xylene cyanol FF
0.25%
Ficoll
15.0%
Dissolve 15 g Ficoll in 60 mL ddH2O while stirring constantly. Add 20 mL ddH2O and
warm the mixture. Add 0.25 g of both dyes, dissolve completely and make up volume to
100 mL with ddH2O. Autoclave for 20 min and store at room temperature.
5X TBE (1L)
Tris base
54.0 g
Boric acid
27.5 g
0.5M EDTA (pH 8.0)
20.0 mL
Combine all components in ddH2O, make the final volume to 1000 mL.
Autoclave for 20 min.
Use 0.5ˣ TBE as running buffer.
Hybridization Buffer (500 mL)
1M Na2HPO4 (pH 7.4)
125 mL
0.5M EDTA (pH 8.0)
1.00 mL
BSA
5.00 g
20% SDS
175 mL
Make up the volume to 500 mL with ddH2O. Store at 4ﾟC.
1M Na2HPO4, pH 7.4 (1L). Dissolve 142 g Na2HPO4 in 800 mL ddH20. Adjust the pH to
7.4 with phosphoric acid and make up the volume to 1L.
20× SSC, pH 7.0 (1 L)
NaCl
175.3 g
Sodium citrate
88.2 g
Dissolve in 800 mL ddH2O. Adjust pH to 7.0 with 1N HCl, make up the volume to 1 L
and autoclave for 20 min.
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Depurination Buffer (0.125N HCl)
conc HCl
11 mL
dd H20
898 mL
Denturation Buffer
NaCl
87.66 g
NaOH
20 g
Dissolve in 800 mL ddH20 and make final volume to 1000 mL.
Neutralization Buffer
NaCl
87.66 g
Trizma base 60.5 g
Dissolve in 800 mL ddH20. Adjust pH to 7.5 with conc. HCl.
Make final volume to 1000 mL with dd H20.
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